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Cellulose is the most abundant organic compound on the planet, and is found in 
nearly every ecosystem. Cellulose is also the most abundant waste product produced by 
human activity. These enormous stores of natural cellulose and cellulose-containing wastes 
are a potential renewable energy source. The hydrolysis of cellulose is referred to as 
cellulolysis and is carried out by cellulase enzymes, which are members of certain glycoside 
hydrolase families. For most of its history, the microbiology of organisms like those that 
hydrolyze cellulose was based solely on the testing of physiological and biochemical 
behaviour of isolated organisms in pure cultures. Despite having gained an important 
foundation of knowledge in the characterization of microorganisms, cultivation-based 
techniques introduce major bias into understanding the role that specific microorganisms 
play because the majority of microorganisms are not readily cultured. Two of the most 
powerful culture-independent approaches for accessing microbial communities are DNA 
stable-isotope probing (DNA-SIP) and metagenomics. Though each methodology has been 
used on its own, it is a combination of these two approaches that has enormous potential to 
generate results for industrial applications and to help characterize biogeochemical cycling. 
This thesis presents the first research combining DNA-SIP and metagenomics using 
cellulose, and the first to target glycoside hydrolase genes from Arctic tundra. For this 
research, two-month DNA-SIP incubations were carried out with 200 mg of 
13
C-labelled 
cellulose as a substrate. Denaturing gradient gel electrophoresis (DGGE) provided evidence 
indicating the successful enrichment of microorganisms able to metabolize cellulose. 
Multiple displacement amplification (MDA) was applied to both the bulk-soil samples and 
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DNA-SIP samples. Following MDA, all DNA samples were subjected to Illumina 
sequencing, including DNA from a cellulose-degrading enrichment. Functional annotation 
for each Illumina library was done using the SwissProt database within MG-RAST. The 
DNA-SIP enrichment resulted in a ~3 fold increase in the relative abundance of glycoside 
hydrolases and cellulase enzymes in relation to bulk soil samples. A cellulose degrading 
enrichment contained the highest relative abundance of glycoside hydrolases and cellulase 
enzymes, with a five fold increase relative to the DNA-SIP enrichment. The enrichment 
culture had a much lower relative diversity, which was measured using the Shannon Index. 
An unrooted neighbor-joining tree constructed using Bray-Curtis similarity coefficients for 
each sample demonstrated that as a result of a considerably higher proportion of cellulase 
gene sequences and a lower diversity the enrichment culture was the most distinct library, 
with the DNA-SIP library most closely related to it. DGGE provided initial evidence that 
MDA introduced bias into the amplification of DNA from the DNA-SIP sample. This was 
confirmed following sequencing and annotation as the proportion of glycoside hydrolase 
enzymes sequences decreased 67% following MDA of DNA-SIP enriched DNA and the 
mean G+ C content of libraries decreased. This research provides evidence indicating that 
DNA-SIP enrichment prior to the construction of metagenomic libraries increases the 
abundance of targeted gene sequences, which should enable greater access to functional 
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Chapter 1 Literature Review 
 
1.1 Cellulose and Related Processes 
1.1.1 Introduction 
 
Cellulose is the most abundant organic compound on Earth (Lynd et al., 2002, 
O'Sullivan et al., 2007) and is a polysaccharide consisting of β-1-4 linked glucose molecules. 
As a major component in the cell walls of plants and algae, cellulose represents 35-50% of 
their dry weight (Schellenberger et al., 2010). As a result, cellulose is found in nearly all of 
the planet’s ecosystems, but it is also the most abundant waste product produced by human 
society (Bayer et al., 2007). These cellulose-containing wastes associated with sewage and 
leftover agriculture biomass are a potential renewable energy source (Bayer et al., 2007). 
The hydrolysis of cellulose is referred to as cellulolysis. Cellulolysis is a multi-step 
metabolic pathway that can be carried out either aerobically and anaerobically. The ability of 
microorganisms to hydrolyze cellulose depends on the production of extracellular enzymes 
that are either free (aerobic hydrolysis) or cell associated (anaerobic hydrolysis) (Lynd et al., 
2002). Aerobically, microorganisms secrete several endoglucanases, exoglucanases, and 
supplementary enzymes that can act together to attack and break down cellulose (Doi & 
Kosugi, 2004b), while anaerobic microorganisms rely on the formation of a large, 
extracellular enzyme complex called a cellulosome, which is made up of a scaffolding 
protein and numerous membrane-bound enzymes (Bayer et al., 1985). Hydrolysis enzymes 
can be placed into three classes. The first class contains endoglucanases, which randomly cut 
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internal bonds creating oligosaccharides of various lengths from the polysaccharide cellulose 
chain. The second class is comprised of cellobiohydrolases, which are exoglucanases that 
cleave 2-4 linked glucose units from the end of larger chains of glucose. The third class is 
made up of β-glucosidases that hydrolyze the oligosaccharides into single glucose monomers 
(Lynd et al., 2002, Pang et al., 2009). Together, the previously described enzymes are 
referred to as cellulases, which make up part of the large family of glycoside hydrolase 
enzymes (Doi & Kosugi, 2004a). 
1.1.2 Glycoside hydrolases and their industrial potential 
 
Glycoside hydrolases are defined as enzymes with the ability to cleave the glycosidic 
bond between two carbohydrates, or between a carbohydrate and another functional group 
(Coker et al., 2003). Traditionally, glycoside hydrolases were classified using functional 
similarity and substrate specificity (Coker et al., 2003, Lynd et al., 2002), but recently this 
diverse group of enzymes has been organized into 130 glycoside hydrolase families based on 
amino acid sequence similarity and reaction mechanisms (Coker et al., 2003, Cantarel et al., 
2009). Cellulases, for example, are all classified as glycoside hydrolase enzymes (Duan & 
Feng, 2010).  
Cellulases are used for a wide variety of industrial applications including denim 
stonewashing, detergent composition, beer brewing, and increasing the nutritional value of 
animal feed (Bhat, 2000, Pang et al., 2009, Wilson, 2009). Currently, it is estimated that, by 
dollar value, cellulases represent the third largest group of industrial enzymes, and account 
for approximately 20% of global industrial enzyme use (Wilson, 2009). Cellulases also have 
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potential to become a sustainable energy source because they contribute to the conversion of 
biomass to biofuel (Bayer et al., 2007, Pang et al., 2009). The fermentation of glucose 
derived from cellulolytic sources has shown promise for the generation of large volumes of 
ethanol and other hydrocarbons. This process is attractive to industry due to the vast amount 
of cellulose found in natural ecosystems, and the excessive amount of cellulolytic waste 
generated by human activities. The development of an efficient and economical means to 
harness its decomposition would have substantial impact and utility. Microbial cellulolysis 
could potentially be used to generate large volumes of ethanol in a much more efficient 
manner than previously possible, allowing for the profitable production of biofuels. If an 
efficient method for converting cellulose to ethanol and other biofuels can be found, 
cellulases will become the most profitable group of enzymes (Wilson, 2009). Efforts have 
already begun to harness the bioconversion of organic waste to methane through anaerobic 
fermentation as an energy source through a biogas reactor at landfill sites (Krause et al., 
2008), and the generation of hydrogen gas from cellulolytic sources using anaerobic bacteria 
(Levin et al., 2006, Yokoi et al., 2002). 
Numerous cellulases have been discovered and used in industrial applications, but the 
demand for novel cellulases with unique properties remains high. The majority of previously 
discovered cellulases are thermophilic enzymes with high reaction rates and optimal 
temperatures that are far above standard room temperature (Andrews et al., 2004). However, 
there are situations where an enzyme with a lower optimal temperature is favourable for 
industry. Cold-adapted enzymes possess high specific activity at both low and moderate 
temperatures, and can easily be deactivated by moderate temperature increases (Gerday et 
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al., 2000). These traits are attractive to industry because cold-adapted enzymes will save 
energy costs by lowering the required reaction temperatures. However, cold-adapted 
enzymes have disadvantages as well. These include an increased risk of contamination due to 
lowered reaction temperatures, and the possibility of slower reaction rate (Georlette et al., 
2002). 
1.1.3 The Arctic tundra: cold and loaded with cellulose 
 
 The global carbon cycle includes important biogeochemical processes at risk of 
imbalance due to anthropogenic inputs. The majority of these inputs come from the burning 
of fossil fuels and the modification of landscape (Falkowski et al., 2000, Schuur et al., 2008). 
Since the end of the pre-industrial era, there has been a 30% rise in total atmospheric carbon 
from 560 gigatons to 730 gigatons today (Zimov et al., 2006). Representing one of the largest 
carbon reservoirs on Earth, soil contains 1500 gigatons of carbon (Davidson & Janssens, 
2006, Zimov et al., 2006). Considering the vast size of this reservoir, it is not surprising that 
one of the largest fluxes in the global carbon cycle comes from the emission of carbon 
dioxide from soil environments (Schlesinger & Andrews, 2000). The emission of carbon 
dioxide from soil is largely attributed to microbial respiration (Hanson et al., 2000). 
Unsurprisingly, microbial communities are responsible for the majority of global carbon 
cycling, containing upwards of ten times the carbon stored in plants (Whitman et al., 1998a). 
The importance of understanding the microbial role in the terrestrial carbon cycle is 
underlined by the fact that positive feedback from microbial carbon decomposition may be a 
major contributor to the future acceleration of global warming (Melillo et al., 2002). 
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Northern ecosystems are important for climate change because the Arctic is expected 
to experience the most extreme changes in temperature due to climate change (Rahmstorf & 
Ganopolski, 1999, Epstein et al., 2000). Northern ecosystems are also important because they 
store a disproportionally large amount of carbon in the soil. The tundra represents only 6.8% 
of the world’s soil, but contains 13.7% of the planet’s total soil carbon pool in its active layer 
(Post et al., 1982), which is the layer that freezes and thaws each winter and summer (Schuur 
et al., 2008). Permafrost, which is soil that remains frozen for a period greater than one year, 
covers 23.9% of the exposed land in the northern hemisphere (Schuur et al., 2008), and 
contains up to 90% of total tundra carbon, which stored within the organic horizons and 
frozen mineral soils of permafrost (Mack et al., 2004).  
Because the majority of carbon is stored in frozen soils, northern ecosystems have 
traditionally been a carbon sink (Houghton et al., 1998). However, with a warming climate 
the terrestrial biosphere’s role is changing and the tundra is becoming a net carbon source 
(Houghton et al., 1998, Melillo et al., 2002, Schuur et al., 2009). Traditionally, the reservoir 
of carbon in the Arctic increases each winter because of a vertical increase in soil surface 
(Schuur et al., 2008), but with warming soils the carbon becomes available for microbial 
decomposition, and this increase in the carbon reservoir no longer occurs. The input of 
organic carbon to tundra soils via plant detritus has been overtaken by the output of carbon 
dioxide and methane due to thawing and subsequent microbial decomposition (Davidson & 
Janssens, 2006). Thawing of permafrost is a concern because the Arctic is warmer than it has 
been in the past 400 years (Chapin et al., 2005) and models predict that the Arctic will 
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experience the most extreme changes in temperature due to climate change in the future 
(Rahmstorf & Ganopolski, 1999, Epstein et al., 2000). 
Understanding microorganisms of the carbon cycle is important for characterizing 
how carbon moves through the cycle. However, soil microbial communities are 
misrepresented by cultivation-dependent approaches, because only a small proportion of 
microorganisms in soil are estimated to be readily cultivable (Amann et al., 1995). An 
alternative approach with less bias is required for microbial community analyses and 
accessing the organisms and enzymes involved in carbon cycling. 
 
1.2 Culture independent studies 
1.2.1 A change in approach 
 
For most of its history, microbiology was based solely on the testing of physiological 
and biochemical behaviour of isolated organisms in pure cultures (O'Sullivan et al., 2007). 
Despite having garnered an important foundation of knowledge in the characterization of 
microorganisms, cultivation-based techniques introduce bias into understanding the role that 
specific microorganisms play because the majority of microorganisms are not readily 
cultured. For any given habitat, less than 15% of all microorganisms are readily cultured, and 
for most environments less than 1% are cultured (Amann et al., 1995). Of the estimated 52 
bacterial phyla, half of them do not have cultured members (Rappe & Giovannoni, 2003). 
Because of our inability to culture the vast majority of microorganisms, it is impossible to 
deduce what functional role many of them play. Although this inability is a major challenge 
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in the field of molecular microbial ecology, recent advances in culture-independent 
approaches have begun to shed more light on the role of microorganisms in situ. 
 Two promising culture-independent approaches are DNA stable-isotope probing 
(DNA-SIP) and metagenomics. Though each methodology has been used on its own (Lorenz 
& Eck, 2005, Neufeld et al., 2007a, Kim et al., 2008, Berlemont et al., 2009, Chen et al., 
2009, Han et al., 2009), it is a combination of these two approaches that has enormous 
potential. Presently, only a few studies have combined DNA-SIP and metagenomics (Table 
1.1). 
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With the success of these studies, the combination of DNA-stable isotope probing and 





One of the major problems with the traditional screening of metagenomic libraries is 
that a very large number of clones need to be analyzed due to the low frequency of clones 
containing the desired genes (Schwarz et al., 2006). The reason for this is that the targeted 
genes are commonly not contained in the microorganisms found in high abundance in the 
environment. This is especially true in complex environments such as soil and sediments, 
where there may be up to two billion cells per gram of substrate, representing many 
thousands of species (Whitman et al., 1998b). In order to solve this problem, enrichment 
cultures can provide active microorganisms a competitive advantage, increasing their 
abundance. Traditionally, enrichment cultures were established by inoculating a sample with 
substrate known to be used by the targeted microorganisms (Schwarz et al., 2006). Like with 
any biological technique, there are drawbacks to enrichment. The major drawback is that 
fast-growing community members became more prevalent. In spite of this, studies have 
shown that the combination of traditional enrichment and metagenomics is an effective way 
to increase the proportion of positive clones in metagenomic library screening, and to isolate 
new biomolecules from complex environmental communities (Entcheva et al., 2001, 
Knietsch et al., 2003a, Knietsch et al., 2003b, Voget et al., 2003). 
The development of DNA-SIP vastly improved the ability to enrich the community 
members harbouring the desired genes. DNA-SIP functions by incorporating a stable-isotope 




N, into the nucleic acids of microorganisms (Radajewski et 
al., 2003). During this incubation, the environmental sample is exposed to the stable-isotope 
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labeled substrate as the only source of that substrate. This is a means to select for 
microorganisms containing the desired genes, as the target microorganisms metabolize the 
heavy substrate during enrichment. The increase in DNA density that results from this 
incubation is used to separate the “heavy” and “light” DNA via ultracentrifugation 
(Radajewski et al., 2003). Following the recovery of heavy DNA, the nucleic acids should 
represent community members with the ability to metabolize labeled substrate, which are 
also the members containing the genes of interest. DNA-SIP could also be used as a “pre-
enrichment” prior to metagenomic analysis, allowing for the detection of low-abundance but 
active species within metagenomic libraries, and facilitating the detection of novel enzymes 
(Chen & Murrell, 2010).  
1.2.3 Metagenomics 
 
Metagenomics refers to the direct retrieval and storage of DNA from microbial 
communities to screen for genes or enzymes of interest, without the prerequisite of 
cultivation. The term “metagenome” was coined by Jo Handelsman to describe the collective 
genomes of microbial communities that could be treated as one genomic unit, analogous to 
the genome of a single organism (Handelsman et al., 1998). The first direct capture of “large-
insert” environmental DNA came from a marine environment via research conducted by 
Stein and coworkers (Stein et al., 1996), and many subsequent studies have since reported 
the capture and characterization of community DNA from both terrestrial and aquatic 
environments. These approaches have involved screening libraries directly for a variety of 
gene products (Handelsman, 2004) or directly sequencing bulk DNA to identify the 
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metabolic potential of microbial communities (Tringe & Rubin, 2005). 
Since the use of metagenomics as a methodological approach began, studies have 
targeted a wide variety of genes and biocatalysts for “green” industrial processes and 
applications (Schmeisser et al., 2007). Studies using metagenomics have discovered 
numerous industrially useful genes and enzymes. For example, over 80 novel lipolytic genes 
were found using a metagenomics-based approach from numerous environments (Schmeisser 
et al., 2007). Metagenomic studies have also reported novel proteases (primarily used in 
detergents; (Gupta et al., 2002), nitrilases (DeSantis et al., 2002), genes exhibiting antibiotic 
activity (Brady et al., 2009), and cellulases (Kim et al., 2008).  
In addition to industrial applications, metagenomics has helped with the 
understanding of microbial ecology and the potential biogeochemical roles of specific 
microorganisms. A good example of this was the discovery of proteorhodopsin-encoding 
genes through the usage of a bacterial artificial chromosome (BAC) library derived from 
western Pacific Ocean samples (Béjà et al., 2000). This newly discovered class of 
photosynthetic genes within the rhodopsin family was transferred into an Escherichia coli 
host and expressed, resulting in a protein product that functioned as a light-driven proton 
pump. These findings were important because prior to this study, rhodopsins were only 
known to occur in extremely halophilic archaea. The biogeochemical significance of this 
discovery is that the light-driven proton pump potentially plays a large role in marine ATP 
production and light sensing. It was because of metagenomics that the novel discovery of the 
function, host, and habitat of this process took place. A second example includes the 
discovery of ammonia-oxidizing archaea, which was achieved through the high-throughput 
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metagenomic sequencing approach of Craig Venter within the marine environment (Venter et 
al., 2004) and was subsequently confirmed, again by metagenomics, in terrestrial 
environments (Treusch et al., 2005). Although metagenomic analysis has proven to be an 
extremely valuable technique, it is not without drawbacks. 
1.2.4 Challenges and solutions 
 
 A problem that arises through the coupling DNA-SIP and metagenomic approaches 
is the low amounts of heavy DNA available for cloning following DNA-SIP. In some cases, 
particularly low-biomass environments, genome amplification must be applied after DNA-
SIP, but prior to metagenomic cloning. Recently, multiple displacement amplification 
(MDA) has provided a means to overcome the low levels of SIP DNA recovered via 
ultracentrifugation. A whole genome amplification, which is a high-sensitivity PCR 
procedure, provides access to the genomic DNA of these low-biomass communities (Binga et 
al., 2008). Multiple displacement amplification (MDA) and whole community genome 
amplification (WGA) have been applied to metagenomic studies. For example, a 2006 study 
concerned with subsurface-soil samples successfully applied MDA to the heavily 
contaminated samples (Abulencia et al., 2006). Using WGA, the researchers were able to 
access genomic information that would have otherwise been inaccessible. Initial calculations 
estimated that a minimum of 11-88 kilograms of sample would be needed to extract the 
required amount of DNA for library construction, which is a completely unachievable 
amount of subsurface soil. Prior to MDA, only one of the three samples produced libraries, 
but whole-genome amplification overcame this (Abulencia et al., 2006). Multiple 
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displacement amplification is the first whole genome amplification method based on an 
isothermal reaction and it entails denaturing a double-stranded DNA template, followed by 
an incubation. It is catalyzed by a phi29 DNA polymerase, which is derived from the 
Bacillus subtilis bacteriophage phi29, which possesses high strand displacement activity and 
processivity.  
However, as is the case with many biological techniques, there are limitations 
associated with MDA. The three main limitations include nonspecific amplification as a 
result of primer-dimer formation or contaminating DNA template, chimeric DNA 
rearrangements, and representation bias (Binga et al., 2008). With respect to MDA, 
representation bias refers to the alteration of gene relative abundances in a genomic DNA 
sample during the MDA reaction. The GenomiPhi Kit, which was the MDA protocol used in 
this research, under represented template DNA with a high G+C content in a recent study 
(Yilmas et al., 2010) and thus the potential for representation bias is precedented. With 
proper enzymatic pretreatment, the errors introduced via these three main limitations can be 
reduced. For example, sequential treatment of amplified DNA with three enzyme reactions (a 
“debranching” step, digestion of single-stranded DNA, and nick translation) can reduce 
chimera formation by up to 80% (Zhang et al., 2006). Regardless of its limitations, MDA 
provides access to DNA for metagenomic analysis, regardless of biomass in a sampled 
environment. 
Once a sufficient amount of DNA has been extracted, purified, and amplified 
successfully from an environmental sample, it must be transferred to a clone library. As is 
usually the case with microbial ecology, there is more than one method to carry out this 
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process. A cloning strategy needs to be selected depending on what the study intends to 
achieve. Clone libraries fall into two general size groups: small-insert libraries in plasmid 
vectors (less than 15 kb), or large insert libraries in cosmid, fosmid (30-50 kb), or BAC 
(greater than 40kb) vectors (Daniel, 2005). To capture DNA fragments of this size into a 
vector, a suitable and gentle DNA isolation procedure must be selected. Most mechanical 
isolation procedures result in DNA shearing, yielding fragments too small to create large-
insert libraries. DNA isolation itself involves two important processes: extraction and 
purification. To successfully prepare a metagenomic library, the nucleic acid extraction 
method must be chosen carefully based on sample characteristics and the desired size and 
purity of retrieved DNA (Tringe & Rubin, 2005). Extractions from soils or sediments 
frequently contain enzyme inhibitors (e.g., humic acids) that must be removed during DNA 
purification (Tringe & Rubin, 2005).  
An alternative to traditional DNA purification methods for metagenomic library 
preparation (Tringe & Rubin, 2005) includes the recent availability of the synchronous 
coefficient of drag alteration (SCODA) electrophoresis system. It is not based on the 
chemical affinity of DNA and thus it allows the removal of contaminants that have similar 
chemical properties to DNA (Pel et al., 2009). The SCODA system exploits the physics of 
electrophoresis in response to alternating fields, similar to pulsed-field gel electrophoresis 
(PFGE). Nucleic acids exhibit a complex electrophoretic behavior when migrating through 
an agarose gel, and they display a nonlinear response in their drift velocity to changes in field 
magnitude (Pel et al., 2009). Because of this, under the influence of rotating electric fields, 
only molecules that respond in a nonlinear fashion have a net drift. This allows for the 
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purification of small amounts of high-molecular-weight DNA, even in the presence of large 
amounts of contaminants. This technology could potentially be the solution to SIP-related 
issues such as persistent contamination of extracts, low DNA yields from low biomass 
samples, or excessive shearing of DNA during extraction. 
A suitable library type depends on whether low copy and low level gene expression 
or high level expression is preferred. If the study is targeting individual genes or gene 
products, or if the study is targeting operons and gene clusters encoding biosynthetic or 
degrading pathways (Schmeisser et al., 2007) usually determines the suitable library type. 
After clone libraries have been effectively created, the vectors containing the environmental 
DNA must be packaged and transformed into a host. The host used for construction and 
maintenance is almost exclusively Escherichia coli in published libraries (Daniel, 2005). 
Once packaged into a host, the clone libraries need to be screened.  
There are two different approaches to screening: sequence-based and function-based. 
Sequence-based screening encompasses a few different screening methods. PCR-based and 
hybridization-based approaches can be used to screen individual inserts for genes of interest. 
Both of these approaches require primers and probes that are obtained from known genes and 
gene products, limiting these methods to identifying previously known genes. A common use 
of this approach is the identification of 16S rRNA genes, and other genes with highly 
conserved regions (Daniel, 2005). Functional screens are based on the metabolic activity of 
the clone library. This method relies on identifying active clones that, commonly, have been 
plated on media that are selective for the activity of interest. Both sequence and functional-
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based screenings have different advantages that, depending on the nature of the study, are 
beneficial. 
Functional screening has been employed for the discovery of a wide range of novel 
enzymatic genes, including cellulases (Berlemont et al., 2009), xylanases (Warnecke et al., 
2007), and genes with antibiotic activity (Allen et al., 2008, Torres-Cortés et al., 2011). An 
example of a functional screen used to discover cellulases is the Congo Red overlay method. 
First described by Teather and Wood (1982), the method has been used by numerous 
metagenomic studies in the past and resulted in the detection of novel cellulases (Healy et al., 
1995, Kim et al., 2008, Pang et al., 2009). It involves growing the metagenomic libraries on 
Luria-Bertani agar plates containing carboxymethyl cellulose (CMC) as the sole carbon 
source. Following a growth period, the colonies are overlaid with the same medium and 
incubated further. The plates are flooded with Congo Red indicator dye, which interacts with 
intact β-glucans, a group of molecules that includes cellulose, to produce a reddish-orange 
colour (Teather & Wood 1982). In areas where the colony has metabolized the CMC in the 
media, there are no intact β-glucans and the Congo Red does not interact, causing a zone 
without a red colouration.  
Gaining an understanding of microbial communities and their interactions is 
important for both industrial purposes and to advance our knowledge of our planet’s 
environment. Cellulolysis is an important degradation process that has enormous potential for 
industrial use, and is an integral part of the global carbon cycle. Although recent studies have 
shown that the coupling of DNA-SIP and metagenomics has the potential to discover genes 
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of industrial significance, prior to this thesis these techniques had yet to be applied to genes 
coding for cellulose degradation. 
 
1.3 Research Objectives and Hypotheses 
 
The primary objective of this research was to determine whether the inclusion of a 
DNA-SIP pre-enrichment with labeled cellulose would increase the abundance of glycoside 
hydrolases, and more specifically cellulose degrading glycoside hydrolases, in the resulting 
metagenomic libraries generated from a Canadian Arctic tundra soil. I hypothesized that the 
addition of a DNA-SIP enrichment step prior to metagenomic screening would increase the 
abundance of the targeted cellulose degrading enzymes. My research marks the first attempt 
to combine DNA-SIP and metagenomics using cellulose as a substrate, as well as the first 
time this methodological approach was applied to tundra soil. The study also assessed the 
effect of multiple displacement amplification on metagenomic libraries with regards to bias 
in the representation of metagenomic libraries. Preliminary research in this thesis also aimed 
to determine an optimal DNA isolation and purification procedure for functional 




Chapter 2 Methods 
2.1 Introduction 
 
The primary objective of this thesis was to determine whether the addition of a DNA-SIP 
pre-enrichment would increase the efficiency of recovering targeted gene sequences through 
metagenomics. Preliminary research also involved designing a protocol for DNA extraction 
and purification to produce high-molecular weight, high-quality DNA suitable for the 
generation of fosmid or cosmid metagenomic libraries. Once the optimal techniques were 
identified, they were used to extract DNA from the bulk soil samples, a cellulose enrichment 
culture, and the soil samples that had undergone a DNA-SIP incubation. All soil samples 
were collected from Resolute Bay, Nunavut, Canada on August 17, 2009 from the top 10 cm 
of surface soil. The soil was sieved (4.75 mm) and frozen at -80°C for further use.  
 
2.2 DNA Extraction/Purification Optimization 
 
To determine the optimal extraction and purification method for the production of 
high quality and high molecular weight DNA, three extraction/purification procedures were 
assessed. The first was the FastDNA Soil Extraction Kit (MP Biomedicals), which is a bead-
beating based procedure. The second used a protocol modified from Zhou et al. (1996) 
combined with Wizard DNA Clean-Up Kit (Promega). The modified Zhou extraction utilizes 
a high-salt buffer and sodium dodecyl sulfate (SDS) and the Wizard kit uses resin-column 
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purification. The third method was the same modified Zhou extraction followed by 
purification using the Synchronous Coefficient of Drag Alteration (SCODA) instrument 
(Boreal Genomics). Following the extraction and purification, DNA from each technique was 
visualized using pulsed-field gel electrophoresis (PFGE) to determine DNA fragment 
lengths.  
 
Figure 2.1 Diagram of the three DNA extraction and purification techniques tested. 
 
2.2.1 FastDNA Isolation 
 
DNA was isolated using the FastDNA Soil Extraction kit (MP Biomedicals) according to 
the manufacturer’s instructions. Briefly, this isolation technique agitates 12 sample tubes at 
very high speeds to lyse cells. During this process, sample tubes contain polymer beads, a 
lysing matrix, and a mixture of detergent and salts to remove membrane lipids. Following 
isolation, the DNA was visualized and quantified using 1% (w/v) agarose gels stained with 
ethidium bromide dye (1 mg/mL). Gel electrophoresis was performed using a Mini-Sub-Cell 





 HP gel documentation system (Cell Biosciences) using 1Kb Plus ladder 
(Invitrogen) as a marker. 
2.2.2 Modified Gentle Lysis Extraction 
 
DNA was extracted according to the protocol published by Zhou et al. (1996). 
Briefly, this extraction utilizes a high-salt buffer and SDS detergent to lyse cells. The benefit 
of this extraction is it results in less shearing of the DNA than mechanical lysing. Two 
modifications were made to the protocol. A phenol:chloroform step was added before the 
chloroform:isoamyl alcohol purification step in the original procedure. The DNA 
precipitation method was also altered to increase the amount of DNA recovered. The 
modified precipitation added ammonium acetate (final concentration of 2.5M) in addition to 
isopropanol, instead of using just isopropanol as suggested in the original method. Following 
extraction, DNA was visualized using agarose gel electrophoresis (see 2.2.1) and was 
subjected to one of two purification methods (see 2.2.3 and 2.2.4). 
2.2.3 Wizard DNA Clean-Up Column Purification 
 
Following the modified gentle lysis extraction, the DNA must be purified to remove 
contaminants, such as humic acids, to produce high-quality DNA for metagenomic library 
construction. The Wizard DNA Clean-up column (Promega) was used to purify the DNA 
according to the manufacturer’s instructions. In brief, the DNA is bound to a resin, which in 
turn, is bound to a binding matrix within a spin column. Following a wash step, the DNA is 
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eluted from the spin column’s binding matrix using centrifugation. Samples were visualized 
and quantified using agarose gel electrophoresis (see 2.1.1). Samples were stored frozen at -
20°C until needed for PFGE. 
2.2.4 SCODA Purification 
 
The second method used to purify DNA utilized the SCODA instrument from Boreal 
Genomics. There are three steps that occur when using the SCODA instrument to purify 
DNA: gel boat preparation, DNA injection, and DNA wash/concentration. However, before 
attempting to purify DNA using the SCODA instrument, one must first have a working 
knowledge of SCODA nomenclature. Please refer to Table 2.1, Table 2.2, and Figure 2.2 
when attempting to use the SCODA procedure. 
Table 2.1 List of the SCODA gel boat components. Refer to Figure 2.2 for each component’s 
location on the gel boat. 
Letter Part 
A Buffer reservoir 
B Buffer reservoir 
C Buffer reservoir 
D Buffer reservoir 
E Sample chamber 
F SCODA gel chamber 






Figure 2.2 Overview of the SCODA gel boat arrangement. 
 




Create enclosed space for thin (1 mm) or thick (4 mm) SCODA gel 
formation; diffusive extraction caps have hole in center for TBE/DNA 
extraction 
Gel plug Creates 100 µL well for TBE buffer 
Solid rubber 
dam 
Barrier to form SCODA gel and injection barrier gel 
Cutout 
rubber dam 
Barrier to form SCODA gel, but cutout on the inside to allow the 
instrument’s electrodes to be lowered 
 
In this study, a 4 mm SCODA gel was used with a diffusive extraction gel cap. This 
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rather than be extracted from the gel itself. The procedure for the preparation of the gel boat 
is as follows: 
1. Place the 4 mm diffusive extraction gel cap over the SCODA gel chamber. 
2. Place a solid rubber dam in the chamber on each side of the injection barrier gel 
chamber (one of these is the sample chamber). 
3. Place a cutout rubber dam in each of the chambers between the SCODA gel chamber 
and buffer reservoirs B and D. 
4. Raise the buffer reservoir C end of the gel boat by approximately one inch. 
5. Prepare a 1% agarose gel by dissolving 0.1 g of agarose in 10mL of 0.5X TBE (add 
10 µL of 1000X SYBR Green I stain if DNA is to be visualized in the SCODA gel). 
6. Pipette approximately 4 mL of gel into the SCODA gel chamber and approximately 
0.5 mL of gel into the injection barrier gel chamber. 
7. Allow the gel to solidify for 20 minutes at room temperature. 
8. Remove the gel plug from the gel, being careful to not disrupt the seal between the 
bottom of the SCODA gel and the gel boat. 
9. Remove the rubber barriers from both sides of the injection barrier gel, being careful 
not to disrupt the gel’s seal with the gel boat. 
10. Leave the rubber barriers between the SCODA gel and buffer reservoirs B and D in 
place. 
11. Carefully cut away any gel that overflowed into buffer reservoir C and discard. 
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12. Place the gel boat inside the SCODA, and add 100 µL of 0.5X TBE to the diffusive 
extraction well in the centre of the gel cap, and 25 mL of 0.5X TBE to buffer 
reservoirs A and C (make sure there is no leakage of buffer from reservoir A into the 
sample chamber or the DNA will not stack correctly in the SCODA gel). 
13. Add 1 mL of sample to the sample chamber. 
14. Lower the electrode board so that the steel pins lock the gel boat into place, and place 
the electrodes surrounding the SCODA gel in the raised position. 
15. Close the door to the SCODA, turn the power on, and turn on the water cooling 
system tap. 
16. Open the SCODA Control software on the SCODA computer. 
17. Set injection time to 15 minutes, and voltage to 90 V/cm. Click “start run”. 
Following the injection, the DNA will be stacked within the SCODA gel. It must now be 
washed to remove co-contaminants like humic acids and concentrated to centre the DNA into 
diffusive extraction well buffer. The procedure for the wash and concentration steps is as 
follows: 
1. Turn off the power and lift the electrode board, freeing the gel boat. 
2. Aspirate all the remaining sample from the sample chamber, rinse, and aspirate 
again. 
3. Remove the injection barrier gel. 
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4. Remove the cutout rubber dams between the SCODA gel chamber and reservoirs B 
and D. 
5. Add 25 mL of 0.5X TBE to buffer reservoirs B and D. 
6. Lower the electrode board as in the injection step, but place the electrodes 
surrounding the SCODA gel in the lowered position. 
7. Close the door, turn the power back on and open SCODA Control software. 
8. Set parameters for the wash step as 30 V/cm, 2 hours total run time, 4 second 
rotation period with a 1.5V bias on the electrodes in reservoir B and D and a 3V 
bias on the electrode in reservoir A (this will wash the contaminants into reservoir 
A). 
9. Also set the parameters for the concentration step. It will run continuously after the 
wash. The parameters are the same, but without an electrode bias. 
10. After the 4 hour run, lift the electrode board and pipette the 100 µL of 0.5X TBE 
(containing the purified DNA) into a sterile 1.5 mL microfuge tube. 
11. Precipitate DNA using ammonium acetate (final concentration 2.5M) and 1.0X 
volume of isopropanol for 2 hours at -20°C. 
12. Wash twice with cold 70% ethanol, dry pellet, and resuspend in 0.5X TBE. 
13. Wash the gel boat, gel cap, gel plug, and and rubber dams with 10% bleach and 
sterile water. Air dry. 
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Following purification DNA was visualized and quantified using agarose gel 
electrophoresis (see 2.2.1). DNA quality was measured with A260/A280 using a NanoDrop 
2000 Spectrophotometer (Thermo-Scientific) according to the manufacturer’s instructions. 
Samples were stored at -20°C until needed for PFGE. 
2.2.5 Pulsed-Field Gel Electrophoresis (PFGE) 
 
The CHEF Mapper XA Pulsed-Field System (Bio-Rad) was used to compare the size 
of DNA fragments following the extraction and purification according to the manufacturer’s 
instructions. PFGE utilizes a long run time and alternating electric currents to visualize DNA 
with a very large size range (from 100 bp up to 10 Mbp). PFGE gels were stained in 400 mL 
of 1X TAE for 1 hour using 10 µL of 10,000X SYBR Green I. DNA was visualized using a 
Dark Reader (Mo Bio Tec), which uses visible blue light as an excitation source for the 
SYBR Green I stain. Using a UV imager is permissible as long as the DNA is not going to be 









2.3 DNA-SIP and Metagenomics 
 
Following the optimization of a DNA extraction and purification method, the method was 
used to prepare DNA for shotgun metagenomic sequencing. 
 
Figure 2.3 Schematic of sample processing for DNA-SIP and metagenomics. Please note 
duplicate bulk soil samples were used, as well as duplicate bulk soil and DNA-SIP multiple 
displacement amplification samples. 
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The following subsections outline methods for preparing metagenomic libraries from 
DNA-SIP DNA. The order will only reflect the DNA-SIP pipeline (the pipeline on the right 
side of Figure 2.3), but the methods used for the bulk soil samples were done using the same 
procedures. The modified gentle extraction (Zhou et al., 1996) and SCODA purification will 
not be detailed as they were outlined in section 2.2. Soil samples were collected from 
Resolute Bay, Nunavut on August 17, 2009. Surface soil from the top 10 cm of the organic 
horizon below a vegetated area was collected. Soil was sieved (4.75 mm) and stored at -
80°C. Soil pH, total carbon content, total nitrate content, and soil texture were analyzed by 
the Soil Nutrient Laboratory at the University of Guelph (see Table 3.3 in the Results and 
Discussion section). 
For bulk soil samples, duplicate modified Zhou extractions were done, and 
subsequently each extraction had multiple SCODA purifications applied. This is a result of 
only injecting 1 mL of sample per SCODA run. For each pooled extraction, three separate 
MDA reactions were performed. The same MDA procedure was applied twice to the DNA 
from fraction 7 from the DNA-SIP gradient. These procedures resulted in seven samples: two 
duplicate bulk soil samples, an MDA sample for each duplicate bulk soil, fraction 7 from the 
DNA-SIP gradient, and two duplicate MDA samples of fraction 7 from the DNA-SIP 
gradient. In addition to these seven samples, a cellulose enrichment culture from 
collaborators at Ryerson University was also analyzed. The enrichment culture is a stable 
mixed culture that was enriched from compost, and it exhibited the ability to rapidly degrade 





For the DNA-SIP sample incubation, soil was incubated with a heavy-isotope carbon 
(
13
C) substrate. In this case the heavy-isotope carbon was incorporated into cellulose, and 
cellulose was used as a substrate for the DNA-SIP incubation. To obtain heavy-isotope 
labeled cellulose, Gluconacetobacter xylinus was cultured with 
13
C6-labelled glucose. G. 
xylinus produced cellulose pellicles that were recovered for purification. Briefly, the 
cellulose purification involved the removal of the pellicle from the culture, followed by a 
wash with ddH2O, treating with sodium hydroxide, followed by a second treatment with 
acetic acid, and a second ddH2O wash step. The cellulose was then frozen and lyophilized to 
remove moisture and ground into small pieces using a mortar and pestle with liquid nitrogen. 
For the complete protocol for cellulose production refer to Eric Dunford’s dissertation 
(Dunford, 2011).An important control to include for DNA-SIP experiments is an identical 
incubation that uses native substrate (
12
C). This control incubation provides a comparison to 
ensure that any labeling of nucleic acid is in fact a result of the heavy-isotope substrate being 
metabolized, and not an artifact of ultracentrifugation or the result of G+C content-based 
density different in DNA (Neufeld et al., 2007b).  
Soil microcosms were incubated aerobically for two months in 100 mL crimp-top 
vials. 200 mg of 
13
C-labeled cellulose was added to the SIP incubation. The vials were 
incubated at a temperature of 15°C, to simulate air temperatures in the Canadian Arctic 
during the summer months. It has been demonstrated that tundra surface soils reach 
temperatures between 20 and 26°C during the summer (Chapin et al., 2005). This incubation 
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temperature also was intended to select for the growth of cold-adapted microorganisms that 
could possess enzymes capable of functioning at lower temperatures, which have excellent 
industrial potential (Gerday et al., 2000).  
Following the two month incubation the soil was stored at -80°C for further use. 
DNA was isolated using the modified Zhou extraction and SCODA purification (see 2.2.2 
and 2.2.4). Following DNA extraction, DNA-SIP was completed as previously described 
(Neufeld et al., 2007b). Briefly, extracted DNA is added to a cesium chloride (CsCl) gradient 
and ultracentrifuged for 40 hours. Based on density, the gradient was then fractionated into 
12 fractions. The DNA in each fraction was visualized using agarose gel electrophoresis (see 
2.2.1) and 16S rRNA gene PCR coupled with denaturing gradient gel electrophoresis 
(DGGE). The resulting heavy DNA was used for metagenomic library construction. 
2.3.2 Multiple Displacement Amplification (MDA) 
 
MDA was applied to both the heavy DNA and bulk soil samples using the illustra 
GenomiPhi V2 DNA Amplification Kit (GE Healthcare) according to the manufacturer’s 
instructions. With each MDA reaction, both positive and negative controls were included 
with control genomic DNA and no added DNA, respectively. All reactions yielded 4-7 µg of 
DNA from the positive control and no DNA synthesis from the negative controls. Sample 




2.3.3 Polymerase Chain Reaction (PCR) Amplification) 
 
Before using DGGE to generate bacterial community fingerprints, samples were 
amplified using PCR. In this case, the general bacterial-specific primers 341f-GC clamp (5’-
CGC CCG CCG CGC GCG GCG GGC GGG GCG GGG GCA CGG GGGG CCT ACG 
GGA GGC ACG AG- 3’ [GC-clamp underlined]) and 518r (5’-ATT ACC CGC GCT GCT 
GG- 3’) were used to amplify the 16S rRNA V3 region’s gene sequence (Muyzer et al., 
1993). Each reaction mixture contained 19.6 µL of UV-treated PCR H2O, 2.5 µL of 
ThermoPol buffer (New England BioLabs), 15 µg of 10 ng/µL bovine serum albumin, 5 
pmol of 341f-GC clamp primer, 5 pmol of 518r primer, 0.05 µL of 100 nM dNTP mixture 
(New England BioLabs), 0.25 µL Taq DNA polymerase, and 1.0 µL of template DNA. 
Amplification conditions were 95°C for 5 minutes followed by 30 cycles of 1 minute at 
95°C, 1 minute at 55°C, and 1 minute at 72°C. Final extension occurred at 72°C for 7 
minutes. The PCR resulted in fragments approximately 180 bp in length. DNA was 
visualized using agarose gel electrophoresis (see 2.2.1), and stored at 4°C for short term 
storage (one week or less), or at -20°C for the longer term. 
2.3.4 Denaturing Gradient Gel Electrophoresis (DGGE) 
 
DGGE was used to generate a bacterial fingerprint for the DNA-SIP gradient 
fractionation, and to generate bacterial community fingerprints of all samples. Using the PCR 
products from above, general bacterial 16S rRNA gene profiles were generated. In all cases a 
30% to 70% denaturing gradient in a 10% acrylamide gel was used (C.B.S. Scientific). Gels 
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were run for 14 hours at 85V according to a previously published procedure (Green et al. 
2010). Gels were stained with SYBR Green I nucleic acid gel stain (Invitrogen) and 
visualized using the Pharos FX™ Plus Molecular Imager (Bio-Rad). 
2.3.5 Illumina Sequencing 
 
Following community profiling, Illumina libraries were constructed for all samples. 
The metagenomic samples were pre-processed with the Nextera DNA Sample Prep Kit 
(Epicentre). In brief, the Nextera process uses in vitro transposition to tag and fragment 
DNA, then purifies and concentrates the tagged and fragmented DNA using the DNA Clean 
and Concentrator Kit (Zymo Research), resulting in DNA 100 bp DNA fragments This is 
followed by the addition of Illumina-compatible primers and the amplification of the library 
using a limited-cycle PCR. Again, the DNA is purified using the DNA Clean and 
Concentrator Kit. This procedure results in template DNA that is Illumina-compatible. 
Following the production of shot-gun fragment libraries, samples underwent paired-end (PE) 
Illumina sequencing using the Illumina HiSeq2000 sequencing system.  
2.3.6 MG-RAST and Functional Annotation 
 
Each read from each Illumina library was uploaded to MG-RAST separately so an 
estimate of the variation within the annotation of duplicate libraries could be attained. After 
the completion of uploading, each of the 16 PE libraries (8 duplicate samples) were 
processed by the MG-RAST quality control pipeline, omitting the “demultiplexing and 
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model organism” screening steps. Libraries were annotated using SwissProt with no 
maximum e-value cutoff, a 54% minimum percentage identity cutoff, and a 30 bp minimum 
alignment length cutoff. All of the genes annotated as glycoside hydrolases were exported to 
MS Excel and sorted by sample into their CAZy families (www.cazy.org). Using MS Excel, 
a Bray-Curtis dissimilarity matrix was constructed for all samples using the number of gene 
sequences in each CAZy family per one million sequences. This provided a measure of the 
inter-sample relationships with regards to glycoside hydrolases. The Bray-Curtis dissimilarity 
equation is: 
     
          
     
 
Where Cab represents the sum of the minimum proportions of the GH enzyme gene 
sequences and Sa and Sb represent the total number of GH gene sequences found in each 
sample. The matrix was constructed by subtracting the calculated the Bray-Curtis value, and 
dividing it by 100 for each sample in relation to every other sample. From the Bray-Curtis 
matrices unrooted trees were constructed using the neighbor-joining method (Saitou & Nei, 
1987) with the APE package in R (Paradis et al., 2004). Two trees were constructed, one for 
the matrix relating to all glycoside hydrolase families, and the other with only the cellulose-
degrading glycoside hydrolase families (GH 5-12, 26, 44, 48). In addition to the Bray-Curtis 
dissimilarity value, the Shannon index was calculated for each sample using MS Excel. The 
Shannon index is a measure of diversity, and it is calculated using the following formula: 
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Where H’ represents the Shannon index, and pi represents the relative abundance of each 
group of enzymes, which is calculated as the proportion of enzymes in a specific class to the 





















The research described in this chapter was focused on determining whether inclusion of a 
DNA-SIP pre-enrichment with labeled cellulose would increase the abundance of glycoside 
hydrolases, and more specifically cellulose-degrading glycoside hydrolases, in the resulting 
metagenomic libraries generated from a Canadian Arctic tundra soil. The described research 
also assessed the effect of multiple displacement amplification on metagenomic libraries with 
regards to bias in the representation of metagenomic libraries. Preliminary research presented 
in this chapter also determined an optimal DNA isolation procedure for functional 
metagenomics with large-insert libraries. Note that preliminary research was also done using 
functional metagenomic screening to discover novel cellulase genes. Soil from an Elora corn-
field was used to produce a cosmid library from purified DNA and clones were screened 
using the Congo Red Overlay method (see 1.2.4). No positive clones were found. Although 
this initial research led to the work presented in this thesis, these negative results are not 
presented in this thesis. 
 
3.2 Optimization of DNA Extraction and Purification 
 
In order to identify a suitable DNA extraction method for retrieving DNA fragments 
suitable for either cloning or next-generation sequencing, a DNA extraction/purification 
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method was tested for the production of high-quality and high-molecular-weight DNA. Three 
methods were compared for yield, purity, and amount of DNA shearing in my project (see 
Figure 2.1). The first method tested was the FastDNA Soil Extraction Kit (MP Biomedicals). 
This method involved a bead-beating extraction and purification. The second method 
involved a high-salt and SDS-based gentle lysis extraction (Zhou et al., 1996) (see section 
2.2.2) followed by purification using the Wizard DNA Clean-Up Kit (Promega). This kit uses 
a resin-binding spin-column to wash away any co-contaminants from the DNA (see section 
2.2.3). The third method used the same gentle lysis (Zhou et al., 1996) extraction, but was 
followed by purification using the SCODA (Boreal Genomics) instrument. The SCODA 
instrument exploits the physics of electrophoresis in response to alternating fields, which 
results in only molecules that respond in a nonlinear fashion (i.e. nucleic acids) exhibiting a 
net drift (see sections 1.2.4 & 2.2.4). 
The FastDNA Kit (MP Biomedicals) resulted in 25 µg DNA/ one g soil, which was 
the highest yield (Table 3.1), but DNA fragment sizes were under 20 Kb in length (Figure 
3.1b). The small size of DNA fragments makes this method unsuitable to isolate DNA for 
use in cosmid, fosmid, or BAC metagenomic library construction. The modified gentle lysis 
extraction followed by purification with the Wizard DNA Clean-Up Kit (Promega) produced 
~3 µg DNA/ one g soil, which was the lowest yield (Table 3.1). It also resulted in DNA 
fragments with a maximum size of 35 Kb (Figure 3.1d), making this method unsuitable for 
large-insert library construction. Lastly, a modified gentle lysis extraction coupled with 
SCODA (Boreal Genomics) purification produced ~10 µg DNA/ one g soil (Table 3.1), and 
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DNA fragment sizes of at least 30 Kb (Figure 3.1b), which is a  suitable range for cosmid, 
fosmid, or BAC metagenomic library construction. 
 
Figure 3.1 Gels with DNA from each of the three extraction and purification methods. A) 
1% agarose gel showing 50 ng of DNA extracted and purified using the FastDNA Kit (Lane 
1) and the modified gentle lysis method and SCODA (Lane 2). B) 1% PFGE gel showing 
DNA fragment sizes of DNA extracted and purified using the FastDNA Kit (Lane 1) and the 
modified gentla lysis extraction and SCODA (Lane 2). C) 1% agarose gel showing ~70 ng of 
DNA extracted and purified using the gentle lysis extraction coupled with the Wizard DNA 
Clean-Up Kit (both lanes). D) 1% PFGE gel showing DNA fragment size of extracted and 
purified DNA using a modified gentle lysis extraction and a Wizard DNA-Clean-Up Kit 
purification. For the 1% agarose gels (A,C) the marker is the 1 kb Plus marker (Invitrogen), 






Table 3.1 DNA yield and size following extraction using the three methods tested. 
Concentration was determined using gel quantification on a 1% agarose gel (see 2.2.1), and 
fragment sizes were determined using PFGE (see 2.2.5). Yield was calculated per 1 g of soil 
used in each extraction. 
 Yield Fragment Size 
FastDNA Kit ~25 ug <20 kb 
Gentle lysis + Wizard DNA Clean-Up Kit ~3 ug <35 kb 
Gentle lysis + SCODA ~10 µg >30 kb 
 
The results demonstrated that a modified gentle lysis extraction followed by SCODA 
purification led to an adequate yield of high molecular weight DNA suitable for the 
construction of large-insert, functional metagenomic libraries. This method also produced 
high quality DNA, with a A260/A280 of ~1.8. Note that this A260/A280 measurement followed 
ammonium acetate precipitation and suspension of DNA recovered from the SCODA 
purification. The other two procedures failed to produce DNA with sufficiently high 
molecular weight for possible fosmid or cosmid cloning (i.e. 30-50 kb). Bead-beating 
extractions have been widely used for sequence-based metagenomic approaches (Riesenfeld 
et al., 2004, Turnbaugh et al., 2009, Lanzen et al., 2011), due to its very high yield (Table 
3.1) of purified DNA. However, this study demonstrated that because of the mechanical 
nature of the extraction, excessive shearing resulted in DNA fragments too small (Fig. 3.1b) 
for large-insert metagenomic libraries. A gentler extraction method was necessary to produce 
these types of libraries.  
This research used the modified gentle lysis extraction method in contrast with bead-
beating, to determine whether it produces an adequate yield of high-molecular-weight DNA. 
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This extraction procedure has been used by numerous researchers (Neveu et al., 2011, Chen 
et al., 2008, Sul et al., 2009) utilizing large-insert, functional metagenomic libraries, despite 
the fact that this procedure is insufficient to yield high amounts of purified DNA due to the 
co-precipitation of humic acids, which commonly occurs when extracting from soils (Tringe 
& Rubin, 2005). To circumvent this problem, the “Zhou method” suggests using a Wizard 
DNA Clean-Up (Promega) column to remove humic acids. However, the synchronous co-
efficient of drag alteration (SCODA) electrophoresis system provides a new system for DNA 
purification. Both of these purification methods were tested following Zhou extraction. This 
study demonstrated that the yield of DNA was relatively low (Table 3.1) following the use of 
resin-binding columns for purification, and fragments sizes too small (Figure 3.1d) for large-
insert metagenomic libraries. The SCODA purification method is not based on the chemical 
affinity of DNA and allows the removal of contaminants that have similar chemical 
properties to DNA (Pel et al., 2009). Instead, the SCODA system exploits the physics of 
electrophoresis in response to alternating fields. Only molecules that respond in a nonlinear 
fashion (i.e. nucleic acids) have a net drift. This allows for the purification of small amounts 
of high-molecular-weight DNA in the presence of large amounts of co-contaminants (Pel et 
al., 2009). This study demonstrated that using the SCODA instrument for DNA purification 
following a Zhou extraction provided adequate yields of DNA in a suitable size range for 
large-insert libraries (Table 3.1, Figure 3.1b). This DNA isolation method is novel in itself, 
as SCODA technology is in its infancy and not widely used. The ability to isolate high-
quality, high molecular weight DNA effectively and efficiently using this method should 
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allow for the future researchers to successfully construct large-insert metagenomic libraries. 
This method was also used in the primary research of this thesis (see section 3.3). 
 
3.3 DNA-SIP and metagenomics 
 
This research was conducted on eight samples. The description and names of these 
samples is provided in Table 3.2. The cellulose degrading enrichment culture (CDE) was 
provided by Patrick Ronan of Dr. Martina Hausner’s laboratory at Ryerson University in 
Toronto, Ontario. It was a stable mixed culture able to rapidly degrade cellulose at 60°C 
under static aerobic conditions, that was enriched from a compost sample.  
 
Table 3.2 Names and description of the eight samples used in this research. 
Sample Name(s) Description 
RB1A, RB1B Bulk tundra soil samples; duplicate extractions  
RB1A-MDA, RB1B-MDA Multiple displacement amplification of RB1A and RB1B 
SIPf7 “heavy” DNA (fraction 7) resulting from ultracentrifugation 
and gradient fractionation of cellulose SIP incubation 
SIPf7-MDA1, SIPf7-MDA2 Duplicate multiple displacement amplifications of heavy 
DNA (fraction 7; SIPf7) 







3.3.1 Bulk soil DNA extraction, and DNA-SIP microcosm incubation 
 
The soil used for this research was collected in Resolute Bay, Nunavut (82°29.7’ N, 
62°20.1’W). Soil bulk density, nitrate, organic carbon content, pH and texture are shown in 
Table 3.3. 
Table 3.3 Characteristics of the Arctic tundra soil used for both bulk soil samples and the 
DNA-SIP incubation. 
Test Result 
Bulk Density 0.714 g/cm
3
 
Nitrate 2.07 mg/kg 
Organic carbon content 43.6% of dry weight 
pH 6.7 
Texture (Sand, Silt, Clay) 16.6%, 32.6%, 50.8% 
 
Duplicate modified Zhou extractions were performed on the tundra soil samples. 
Each extraction used 2 g of soil, and was followed by SCODA purifications. For bulk soil 
sample 1 (RB1A), approximately 21 µg of DNA was recovered, and approximately 23 µg of 
DNA was recovered for bulk soil sample 2 (RB1B). These samples were frozen at -20°C 
until needed for multiple displacement amplification (see 3.3.3). 
The same soil sample was used for the DNA-SIP enrichment incubation. Following 
the two-month incubation, soil was stored at -80°C until needed. The modified Zhou 
extraction was applied to 0.5 g of thawed soil from the two month incubation. This method 
uses a high-salt buffer and SDS (see 2.2.3 and 3.2) to extract high molecular weight DNA 
(>30 kb). Following SCODA purification, the yield of total DNA was estimated to be 3.3 µg 
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of DNA. This estimate was obtained using agarose gel electrophoresis quantification. All 
3.33 µg of DNA was added to the CsCl gradient tube, and following ultracentrifugation and 
density gradient fractionation, the majority of extracted DNA was associated with fractions 7 
through 12 using agarose gel electrophoresis (Figure 3.2). 
 
Figure 3.2 1% agarose gel electrophoresis demonstrating the DNA content of gradient 
fractions. Fractions are shown in order of decreasing density from left to right, beginning 
with fraction 5. The 1 kb Plus DNA marker (Invitrogen) is shown for comparison. 
 
 
3.3.2 DGGE fingerprinting of fractions 
 
Before conducting MDA on the heavy DNA, DGGE was used to visualize and assess 
the general structure of the bacterial community involved in the metabolism of cellulose 




Figure 3.3 A 10% DGGE polyacrylamide gel with a 30-70% denaturing gradient containing 
the DNA fingerprint from all DNA-SIP fractions. The fractions are in order of decreasing 
density from left to right. DGGE ladders of cloned PCR products are shown in the outermost 
lanes for comparison purposes. 
 
The presence of cellulose-degrading bacteria was confirmed using DGGE, as unique 
community fingerprints were apparent in fractions 5-7; most predominant bands in fraction 
5-7 do not appear in fractions 9-12. Previous research has demonstrated that the fractionation 
of the DNA-SIP density gradient should result in the observation of labeled DNA in fractions 
4-7 (Neufeld et al., 2007b). This is a result of microorganisms incorporating the heavy 
13
C-
carbon from the cellulose provided as a substrate in the incubations, and is an indication of 
successful DNA-SIP enrichment. Unlabelled community DNA has previously been shown to 
appear in fractions 9-12 (Neufeld et al., 2007b). In this case, the unlabeled DNA was 






3.3.3 MDA and DGGE fingerprinting  
 
To perform functional metagenomics, MDA is necessary to produce the microgram 
quantities of DNA required to construct large-insert libraries. However, there are limitations 
associated with MDA. Namely, nonspecific amplification as a result of primer-dimer 
formation or contaminating DNA template, chimeric DNA rearrangement formation, and 
representation bias (Binga et al., 2008). Due to the low amounts of DNA recovered in the 
heavy fractions, MDA was used to amplify the DNA in fraction 7. Fraction 7 was selected 
for amplification using MDA because it contained more DNA than fractions 5 and 6 (Figure 
3.2). Fraction seven contained ~120 ng of DNA in 30 µL of TE. This resulted in 4.1 ng of 
DNA being used as template in the MDA reaction. Selecting the fraction with largest 
quantity of DNA aimed to lower representation bias introduced by MDA; increasing the 
amount of template DNA has been shown to decrease representation bias (Detter et al., 2002, 
Bergen et al., 2005, Neufeld et al., 2008).   
MDA was also applied to both bulk soil samples. The amount of template DNA 
provided from these samples was considerable larger (~58 ng). The inclusion of a MDA step 
for these samples should provide a measure how the amount of template DNA affects 
representation bias. For each of the bulk soil samples (RB1A, RB1B), three MDA reactions 
were performed and pooled upon completion. However, for the DNA-SIP fraction 7 (SIPf7) 
sample, six MDA reactions were performed, which were then pooled into duplicate samples 
(SIPf7 MDA1, SIPf7 MDA2). Following the MDA reactions, the DNA was quantified using 
gel electrophoresis (Figure 3.4). Following MDA, there was 4.7 µg of DNA from RB1-A, 2.1 
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Figure 3.4 Quantification of DNA from MDA reactions using 1% agarose gel 
electrophoresis. The gel consists of DNA generated by MDA reactions on RB1A (Lanes 3-5) 
and RB1B (Lanes 6-8). Lane 1 represents the negative control, and lane 2 represents the 
positive control. The 1 kb Plus DNA marker (Invitrogen) used for quantification is in the four 
unlabeled lanes on the far left of the image for comparison. These ladder lanes have 50 ng, 
100 ng, 200 ng, and 300 ng of DNA in them, from left to right. The same quantification 
process was used for the SIPf7-MDA samples. 
 
After the completion of MDA, PCR products from all samples were run by DGGE to 
demonstrate bacterial community fingerprints for each sample, the differences in community 
composition between non-SIP and SIP-enriched samples, and to provide a basic measure of 
the bias introduced through MDA. Unique bacterial community fingerprints were observed 
between the bulk soil samples, DNA-SIP samples, and the cellulose degrading enrichment 
(Figure 3.5). The predominant bands in SIPf7 did not appear in the bulk soil samples, 
indicating the enrichment of cellulose degrading bacteria through DNA-SIP. The cellulose 
degrading enrichment possessed a few prominent bands indicating the sample had a very 
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high abundance of a select few organisms able to metabolize cellulose. This was expected 
from an enrichment culture where microorganisms able to metabolize the provided substrate 
(in this case cellulose) would outcompete all other organisms for the provided substrate. 
Previous studies using DGGE-generated bacterial community fingerprints, have 
demonstrated the enrichment cultures typically have a few very predominant community 
members that account for a high proportion of the community for this reason (Ueno et al., 
2001, Shiratori et al., 2006). 
 DGGE was also used to demonstrate the representation bias introduced into the 
bacterial community’s fingerprint as a result of MDA. These results demonstrate that some 
representation bias is introduced into SIPf7 samples following amplification (Figure 3.5 
Lanes 5-7) because the bacterial fingerprints of the SIPf7-MDA samples are different from 
the SIPf7 sample fingerprint. The bias introduced after MDA on the bulk soil samples 
appears to be considerably less. The likely explanation for this is that the bulk soil samples 
contain higher levels of template DNA, and it has been previously shown that with 
decreasing template copy number, representation bias increases (Bergen et al., 2005, Detter 




Figure 3.5 A 10% DGGE polyacrylamide gel with a 30-70% denaturing gradient containing 
the DNA fingerprint of all samples sent for sequencing. Lanes 1-8 represent the following 
samples: 1-RB1A, 2-RB1A-MDA, 3-RB1B, 4-RB1B-MDA, 5-SIPf7, 6-SIPf7-MDA1, 7-
SIPf7-MDA2, 8-CDE. DGGE ladders of cloned PCR products are shown in the outermost 
lanes for comparison purposes. 
 
3.3.4 Shot-gun metagenomics using Illumina and MG-RAST 
 
Samples were sent to Dr. Stefan Green at the University of Illinois at Chicago where 
they were processed by the Nextera kit (Epicenter), making them Illumina compatible. Shot-
gun metagenomic libraries were generated using Illumina paired-end sequencing, which 
resulted in a forward and reverse read for each sample. The forward and reverse Illumina 





Table 3.4 The number of sequences, mean G+C content, and MG-RAST accession numbers 
following the MG-RAST quality control pipeline for each library.  
Sample Sequences G+C content MG-RAST accession 
RB1A 
(forward/reverse) 
5,162,349/ 5,155,105 56 ± 10/ 55 ± 10 4474948.3/ 4474947.3 
RB1B 
(forward/reverse) 
7,321,404/ 7,330,334 56 ± 11/ 56 ± 10 4474945.3/ 4474944.3 
RB1AMDA 
(forward/reverse) 
9,994,629/ 10,298,687 45 ± 11/ 44 ± 11 4474980.3/ 4474985.3 
RB1BMDA 
(forward/reverse) 
9,839,797/ 10,129/910 44 ± 11/ 44 ± 11 4474984.3/ 4474946.3 
SIPf7 
(forward/reverse) 
6,244,208/ 6,252,902 58 ± 12/ 58 ± 12 4474943.3/ 4474942.3 
SIPf7MDA1 
(forward/reverse) 
12,439,712/ 12,610,469 37 ± 9/ 37 ± 8 4474941.2/ 4475899.3 
SIPf7MDA2 
(forward/reverse) 
12,965,451/ 13,278,690 36 ± 8/ 36 ± 8 4474939.3/ 4474940.3 
CDE 
(forward/reverse) 
6,495,502/ 7,023,755 41 ± 8/ 41 ± 8 4474983.3/ 4474949.3 
 
Functional annotations for each sample were performed using SwissProt, which is the 
manually annotated and reviewed version of Uniprot KnowledgeBase (www.uniprot.org). 
SwissProt is recognized for high-quality annotations, containing extremely well annotated 
protein sequences and specific links to detailed databases (Boeckmann et al., 2003, Overbeek 
et al., 2007). Although SwissProt had one of the lowest proportions of annotation hits per 
sequences analyzed (7-10% of sequences) (Figure 3.6), it was used for annotation because it 
is highly curated, provides high-quality predictions, and because it is cross-referenced with 




Figure 3.6 An example of the source hits distribution for an Illumina library using MG-
RAST. The graph shown represents the source hits distribution for the SIPf7 forward read 
library. Although the specific number of hits changed for other libraries, the distribution 
pattern between databases remained similar. NOG: Non-supervised orthologous groups 
database. KO: Kyoto Encyclopedia of Genes and Genomes Orthology. COG: Clusters of 
orthologous groups. eggNOG: Evolutionary genealogy of  genes- non-supervised 
orthologous group. TrEMBL: automatically annotated and non-reviewed UniProt protein 
database. SwissProt: manually annotated and reviewed UniProt protein database. SEED: The 
SEED project database. RefSeq: The National Center for Biotechnology Information 
reference sequences database. PATRIC: Pathosystems resource integration center. KEGG: 
Kyoto encyclopedia of genes and genomes. IMG: Integrated microbial genomes at the Joint 
Genome Institute. GenBank: National Institute of Health’s Genetic sequence database. 
 
The DNA-SIP sequence data revealed that the taxonomic distribution of the SIPf7 
library was 90.9% bacteria, 7.1% eukaryota, 1.6% archaea, 0.2% viruses, and 0.2% other (see 
Figure 3.7). Of the five most abundant glycoside hydrolase gene sequences in the SIPf7 
library, two were associated with cellulose degrading GH families (Table 3.5). 
Endoglucanase C was associated with Cellvibrio spp. (Gammaproteobacteria) and 


























endoglucanase Z was associated with Dickeya spp. (Gammeproteobacteria), and both 
enzymes were associated with GH 5. However, in the bulk soil libraries, none of the five 
most of the abundant GH enzyme sequences were associated with cellulases (Table 3.5). 
Similarly, none of the five most abundant GH enzymes sequences from the DNA-SIP MDA 
libraries were associated with cellulase GH families (Table 3.5). This suggests that MDA 
introduced a bias into the resulting libraries. Previous research characterizing the active 
consortia of cellulolytic organisms from Resolute Bay soil determined that the major 
cellulolytic organisms were found within the Gemmatimonadetes, Gammaproteobacteria, 













Table 3.5 The five most abundant GH enzyme sequences for each library and their UniProt 
accession numbers following classification on MG-RAST. * indicates the enzyme sequence 
was only found in the forward read, and ** indicates the enzyme sequence was only found in 
the reverse read. Unmarked enzymes were found in both reads. 
Sample Abundant GH enzyme sequences (UniProt accession #) 
SIPf7 α-galactosidase (Q9X4Y0), endoglucanase C (P27033), endoglucanase Z 
(P07103), xyloglucanase (Q3MUH7), α-L-arabinofuranosidase C* (P23031), 
glucoronoxylanase xynC** (Q45070) 
SIPf7MDA1 β-glucanase (P45798), levanase (P05656), cytoplasmic α-amylase (P26612), 
β-galactosidase (Q8FKG6), β-hexosaminidase (P49008) 
SIPf7MDA2 β-glucanase (P45798), levanase (P05656), β-galactosidase (Q8FKG6), β-
hexosaminidase (P49008), α-N-acetylgalactosaminidase* (A4Q8F7), endo-
1,4-β-xylanase Z** (P10478) 
RB1A α-N-arabinofuranosidase 2 (P94552), β-xylosidase (P23552), β-galactosidase 
(P26257), β-glucanase* (P45798), endo-1,4 β-xylanase Z* (P10478), 
levanse** (P05656), α-N-arabinofuranosidase 1** (P94531) 
RB1B α-N-arabinofuranosidase 2 (P94552), α-galactosidase (Q9X4Y0), β-
galactosidase (P77989), β-galactosidase (P26257), glucoamylase* (P29761), 
4-α-glucanotransferase** (O87172) 
RB1AMDA β-galactosidase (Q8FKG6), α-N-acetylgalactosaminidase (A4Q8F7), β-
glucanase (P45798), α-N-arabinofuranosidase 2 (P94552), β-glucosidase** 
(P27034), levanase* (P05656) 
RB1BMDA β-glucosidase (P27034), α-N-acetylgalactosaminidase (A4Q8F7), levanase 
(P05656), β-glucanase* (P45798), β-hexosaminidase* (P49008), α-N-
arabinofuranosidase 2** (P94552), α-N-acetylgalactosaminidase (A4Q8G1) 
CDE thermostable β-glucosidase B (P14002), endoglucanase 1 (Q02934), 
endoglucanase Z (P23659), exoglucanase 2 (P50900), endoglucanase A 
(P22534),  
 
The CAZy database describes the families of enzymes that degrade, modify, or create 
glycosidic bonds, including glycoside hydrolases. Following the download of all enzymes 
annotated as glycoside hydrolases, each sequence was assigned to its CAZy family. The 
abundance of sequences affiliated with glycoside hydrolase enzymes and cellulases for each 
sample can be seen in Table 3.6.  
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Table 3.6 The number of enzymes annotated as glycoside hydrolases (GH), and cellulose 
degrading GH per 1 million sequences following the MG-RAST quality control pipeline 
(replicate 1/replicate 2). Cellulases were determined as enzymes belong to the GH5-12, 26, 
44, 45 and 48 CAZy families. These families were previously referred to as cellulase families 
A-H, I, J, K, and L. 
Sample GH / million sequences Cellulases / million sequences 
RB1A (forward/reverse) 359/353 54/57 
RB1B (forward/reverse) 326/308 53/43 
RB1AMDA (forward/reverse) 263/231 38/36 
RB1BMDA (forward/reverse) 238/234 36/36 
SIPf7 (forward/reverse) 536/511 157/147 
SIPf7MDA1 (forward/reverse) 294/293 61/55 
SIPf7MDA2 (forward/reverse) 326/243 57/46 
CDE (forward/reverse) 2649/2669 1461/1458 
 
These data suggest that performing a DNA-SIP enrichment before the generation of 
metagenomic libraries increases the abundance of glycoside hydrolase enzymes found within 
the library. The results also demonstrate that the DNA-SIP enrichment resulted in a 
substantial increase in the relative abundance of cellulase enzymes in particular (Table 3.6). 
The data also indicate that MDA introduced a bias in SIP fraction 7 with regard to glycoside 
hydrolases, because the total number of glycoside hydrolases per million sequences 
decreased from ~525 in the SIPf7 library to ~290 in the SIP MDA libraries. This MDA-
associated decrease in abundance was greater in cellulose degrading glycoside hydrolases; 
they were three times less abundant following MDA than they were in the SIPf7 library. The 
bias introduced by MDA on the bulk soil libraries was much less pronounced, which was 
expected based on the patterns observed with DGGE fingerprinting (see Figure 3.5). 
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Importantly, these results suggest that DGGE fingerprint similarity of MDA-amplified and 
non-MDA-amplified templates is a good measure of expected outcomes following sequence-
based analysis of DNA. That said, also note that the proportion of glycoside hydrolases and 
cellulases decreased following MDA of bulk soil samples (Table 3.6), but by a smaller 
magnitude than in the DNA-SIP samples. 
Prior to MDA, bacteria comprised ~91% of both the DNA-SIP and bulk soil Illumina 
libraries and ~7% of the libraries were comprised of eukaryota (Figure 3.7). However, the 
proportion of bacteria decreased to ~80% in the DNA-SIP MDA libraries and to ~ 85% in the 
bulk soil MDA libraries. The proportion of eukaryota rose to ~13% for both the DNA-SIP 
SIP MDA libraries and bulk soil MDA libraries (Figure 3.7). Previous research has shown 
that the MDA protocol used in my research (GenomiPhi kit) exhibited bias against high G+C 
content template DNA (Yilmas et al., 2010). A possible reason for the decreased proportion 
of bacteria following MDA is that most of the high G+C content template DNA was likely 
bacterial, and therefore was not represented in the post-MDA libraries. This was supported 
by the observation that the proportion of Actinobacteria, a bacterial class with high G+C 
content (Ventura et al., 2007), decreased from ~17% in the DNA-SIP library to ~4% in the 
SIP-MDA libraries (data not shown). The mean G+C contents of pre- and post-MDA 
libraries further suggested that high G+C content template DNA was biased against (Table 
3.4). It also suggested that greater bias was introduced with lower amounts of template DNA, 
supporting the observed DGGE community fingerprints. The functional category hits 
distribution was also determined for each Illumina library using the SEED Subsystem 
annotation on the MG-RAST server (Figure 3.8). Despite a change in GC content, the 
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distribution of functional categories changed very little between pre- and post-MDA libraries 
for both DNA-SIP and bulk soil samples (Figure 3.8). The lack of functional change 
following the application of MDA may be a result of poor annotation coverage of sequences 
in our libraries (~7-10%) or functional redundancy across diverse soil microbial genomes. 
 
Figure 3.7 The taxonomic distributions of domains for each Illumina library following 
upload to MG-RAST. Annotations are from all of the databases MG-RAST accesses 
(GenBank, SwissProt, TrEMBL, SEED, KEGG, IMG, PATRIC, RefSeq). See Figure 3.6 for 


































The diversity of glycosyl hydrolases was measured using the Shannon index, and the 
proportion of glycoside hydrolase enzymes that made up the ten most abundant glycoside 
hydrolase families in each sample. The Shannon index is a measure of species diversity 
based on communication theory: the entropy associated with predicting the next letter in a 
message is represented by the Shannon function (‘H’) (Spellerberg & Fedor, 2003). In this 
research, the Shannon function represents the diversity (entropy) of glycoside hydrolases 
within each sample. The CDE library possessed very high proportions of glycoside 
hydrolases (Table 3.6), but with a very low diversity (Tables 3.7, 3.8), reflecting the low 
diversity observed in the DGGE fingerprints (Figure 3.5). This low diversity in the CDE 
library was observed using the ten abundant enzyme family counts, with the vast majority of 
all annotated enzymes falling into a few glycoside hydrolase families (Table 3.4, Appendix 
A). The Shannon index also demonstrated low glycoside hydrolase diversity for the CDE 
library, with Shannon values lower than (Table 3.8) those of the other libraries. Both the 
proportion of enzymes in the ten most abundant families and the Shannon index 
demonstrated higher diversity in the bulk soil, DNA-SIP, and MDA libraries (Table 3.7, 3.8) 
than in the CDE library. Though it would seem logical that SIPf7 should have lower diversity 
than the bulk soil, because diversity was measured within the glycoside hydrolase families 
only this was not the case. Diversity measures for all MDA samples were similar as well. 
Shannon index values are shown in Table 3.8, and represent the glycoside hydrolase diversity 




Table 3.7 Proportion of the GH enzymes comprising the ten most abundant GH families for 
each sample (replicate 1/replicate 2). 
Library GH enzymes (%) 
RB1A (forward/reverse) 57/58 
RB1B (forward/reverse) 59/61 
RB1AMDA (forward/reverse) 59/59 
RB1BMDA (forward/reverse) 59/60 
SIPf7 (forward/reverse) 59/61 
SIPf7MDA1 (forward/reverse) 57/59 
SIPf7MDA2 (forward/reverse) 60/61 
CDE (forward/reverse) 88/88 
 
Table 3.8 Shannon index values for each library (replicate 1/replicate 2). Values represent a 
measure of glycoside hydrolase diversity for each library. 
Library Shannon index 
RB1A (forward/reverse) 3.48/3.42 
RB1B (forward/reverse) 3.45/3.39 
RB1AMDA (forward/reverse) 3.43/3.42 
RB1BMDA (forward/reverse) 3.42/3.41 
SIPf7 (forward/reverse) 3.45/3.41 
SIPf7MDA1 (forward/reverse) 3.51/3.48 
SIPf7MDA2 (forward/reverse) 3.42/3.40 
CDE (forward/reverse) 2.55/2.54 
 
Using the CAZy database, enzyme representation in sequence data was compared 
across the approximately 130 glycoside hydrolase families (www.cazy.org; January 2012). 
The cellulose-degrading enrichment had the highest proportion of glycoside hydrolases, and 
the highest proportion of cellulases (Table 3.6, Table 3.9). Within the CDE library, 
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approximately 55% of all glycoside hydrolases were cellulase enzymes (Table 3.9, Appendix 
A). The majority (~65%) of enzymes annotated as cellulases belonged to GH-9 and GH-48 
(Table 3.9), which are glycoside hydrolase families consisting primarily of bacterial 
cellulases (Wilson and Urbanowisc, 2010). GH-9 is the second largest cellulase family, and 
is comprised largely of endocellulases, which randomly cut internal bonds creating 
oligosaccharides of various lengths from the polysaccharide cellulose chain (Lynd et al., 
2002). GH-48 is, at present, comprised solely of cellulases, and cellulase enzyme 
components. GH-48 cellulases occur in free enzymes systems, multi-enzyme systems, and in 
every cellulosome system known to date (Dassa, 2010). Both of these CAZy GH families 
contain cellulases with current industrial uses. The high proportion of cellulases, and low 
sample diversity supported what DGGE had demonstrated previously, and can be attributed 
to a few microorganisms with the ability to efficiently metabolize cellulose..  
The DNA-SIP library contained the next highest proportion of cellulases (Table 3.6, 
Table 3.9), with approximately 30% of all glycoside hydrolases within the sample annotated 
as cellulases. The two most abundant cellulase families in the DNA-SIP library were GH-5 
and GH-9 (Table 3.9), accounting for approximately 58% of all annotated cellulase enzymes. 
GH-5 is one of the largest of all glycoside hydrolase families, containing a wide variety of 
cellulases, including endoglucanases, exoglucanases, and β-glucosidases widely distributed 
across bacteria, archaea, fungi, and plants (Davies, 2011). Similar to GH-9 and GH-48, GH-5 
also contains cellulase enzymes currently being used for industrial purposes. Other cellulase 
families of interest to industry, namely GH-6 and GH-48, represented approximately 10% of 








3.3.5 Bray-Curtis dissimilarity unrooted, neighbor-joining trees 
 
Along with measuring the diversity of each library, the Bray-Curtis similarity 
coefficient was used to compare the compositional dissimilarity between sample libraries. An 
important aspect of the Bray-Curtis dissimilarity measure is that it takes into account the 
abundance representation of each entry, whereas several other dissimilarity measures (ie. 
Jaccard’s) do not. This results in glycoside hydrolases families with large numbers of 
annotated enzymes having a greater effect on the similarity coefficient than families 
containing small numbers of enzymes. From the similarity coefficients for all glycoside 
hydrolase families, and cellulase families, unrooted neighbor-joining trees were generated 
using the APE platform in the program R (Saitou & Nei, 1987, Paradis et al., 2004). These 
trees, which are shown in Figure 3.9, were constructed to demonstrate the similarity between 
all libraries. Branch lengths are inversely related to similarity; shorter branch lengths 
represent greater similarity.  
The branch lengths between the CDE library and the closest related library (SIPf7) 
demonstrated that the CDE library was distinct from all other samples (Figure 3.9). The 
reason for the large dissimilarity is the lack of diversity in the enrichment library, coupled 
with large proportions of glycoside hydrolases and cellulases in relation to the other samples. 
The SIPf7 library was most closely related to the CDE library because it had the next highest 
proportion of glycoside hydrolases. It also had a higher proportion of glycoside hydrolases 
than the bulk soil samples, and a higher proportion of cellulases. The relationships between 
CDE, SIPf7, and bulk soil libraries were expected due to the proportion and types (GH 
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families) of sequences annotated as glycoside hydrolases in each library (Table 3.6, Table 
3.9, Appendix A). As noted above, the application of MDA introduced representational bias 
into the resulting libraries. The MDA bias was greater for the SIP DNA samples than the 
bulk soil samples, and the neighbor-joining trees reflect this observation. Note that SIPf7 was 
more similar to the bulk soil samples than it was to the SIPf7-MDA libraries (Figure 3.9), for 
both total glycoside hydrolases and cellulases. Representation bias was less in the bulk soil 
libraries, as their MDA libraries had considerably shorter branch lengths, indicating a higher 
similarity. Representational bias introduced through the use of MDA has implications for 
research targeting cellulases with DNA-SIP and functional metagenomic studies. The 
screening or selection of the metagenomic clone library will be less effective, because of the 
decrease in the representation of glycoside hydrolases, and more specifically, cellulases. 
Unless the bias is reduced, it may cause researchers to do far more screening or selection to 
discover positive clones. To combat this problem, maximum amounts of DNA should be 
added to the density gradient prior to ultracentrifugation. Following fractionation, this should 
result in larger quantities of DNA being associated with each fraction, providing more 






Figure 3.9 Unrooted neighbor-joining trees constructed using Bray-Curtis similarity 
coefficients in R. “A” represents all glycoside hydrolases and “B” represents glycoside 
hydrolases belonging to cellulose degrading families (GH5-12, 26, 44, 45, 48). R1 signifies 









Characterization of tundra glycoside hydrolases and the discovery of novel, cold-
adapted enzymes has implications for our planet’s biogeochemical cycling and our 
civilization’s industrial processes. This study represents the first attempt to apply DNA-SIP 
and metagenomics to study glycoside hydrolases in Arctic tundra. This thesis described the 
optimization of a DNA isolation procedure to retrieve high-quality, high molecular weight 
DNA, and determined that DNA-SIP pre-enrichment increases the relative abundance of 
glycoside hydrolases in Arctic tundra soil metagenomic libraries, which is an important 
prerequisite to the discovery of cold-adapted, industrially relevant glycoside hydrolases. 
Two of the most promising culture-independent approaches for linking taxonomy and 
metabolic activity are DNA-SIP and metagenomics. The combination of these two 
approaches has enormous potential for increasing understanding of our planet’s 
biogeochemical cycling, and for industrial applications. Prior to this research, the coupling of 
these two methods had not yet been applied to the discovery of glycoside hydrolases, which 
are a group of enzyme families that have enormous industrial potential. Cellulases, enzymes 
capable or breaking down cellulose and its constituents are considered to be some of the most 
industrially relevant glycoside hydrolases (Bayer et al., 2007, Wilson, 2009). Because 
cellulose is the most abundant organic compound on the planet (Lynd et al., 2002, O'Sullivan 
et al., 2007), cellulases are also major contributors to the global carbon cycle. With climate 
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change becoming a major research focus, furthering our knowledge of glycoside hydrolases 
and cellulase enzymes is of great importance. Metagenomic studies can expand upon our 
current knowledge of glycoside hydrolases by uncovering which enzymes are found in which 
environments, and metagenomic studies can also discover novel enzymes useful for 
industrial applications.  
A problem facing metagenomic studies targeting cellulases is that many 
microorganisms harboring the desired genes and enzymes are not the most abundant 
organisms in the environment. The inclusion of a DNA-SIP enrichment before the 
construction of metagenomic libraries should increase the abundance of target genes or 
organisms. This research is the first to combine DNA-SIP and metagenomics to study active 
cellulose-degrading consortia within a tundra soil community, and is the first to apply these 
two techniques for the discovery of novel cellulases. The inclusion of a DNA-SIP pre-
enrichment step to increase the abundance of sequences from organisms containing cellulases 
will allow for more efficient metagenomic research in the future. 
The primary research conducted in this thesis builds upon work done by Eric 
Dunford, who characterized the active consortia of cellulolytic bacteria in an Arctic tundra 
soil using DNA-SIP (Dunford, 2011). His research was the first to characterize cellulose 
degrading soil bacteria in the Arctic using DNA-SIP. My research attempted to determine 
whether DNA-SIP was a suitable pre-enrichment step for increasing the abundance of 
cellulase genes in metagenomic libraries of Arctic tundra soil. I hypothesized that a DNA-
SIP pre-enrichment step would increase the abundance of cellulases. The hypothesis was 
confirmed because the Illumina data for the SIPf7 sample resulted in 157 and 147 annotated 
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cellulases per 1 million sequences, in contrast to 54 and 57 for RB1A and 53 and 43 for 
RB1B (Table 3.3). Thus, there was a ~3 fold increase in abundance of cellulases following 
enrichment using DNA-SIP.   
This research demonstrated that the application of MDA to DNA-SIP heavy fraction 
DNA resulted in an approximately 33% decrease the abundance of annotated cellulase genes 
(~50 per 1 million sequences), and a bias against high G+C content template DNA(see 
section 3.3.4 and Figure 3.8). Bias against high G+C content templates had been previously 
observed in the research of Yilmas et al. (2010). This representation bias could be 
detrimental to the application of DNA-SIP as a pre-enrichment for functional metagenomics. 
However, the addition of larger quantities of DNA to the CsCl SIP gradient and more DNA 
added to MDA reactions (e.g. >5 ng) should help circumvent this bias for future studies. 
Previous research by Schwarz et al. (2006), targeting B12-dependent glycerol 
dehydratases in Wadden Sea sediment, found that the addition of a DNA-SIP enrichment 
before the construction of metagenomic libraries increased their gene detection frequencies 
by 2.1-3.8 fold over non DNA-SIP enriched sediment. Although the Schwarz research used 
13
C-labelled glycerol as a substrate and utilized small-insert functional metagenomic 
screening, not sequence-based shotgun metagenomics, they demonstrated a similar increase 
in gene frequencies (~3 fold) to my research. Successful functional metagenomic screening 
of DNA-SIP enriched soil targeting cellulases has considerable potential to discover truly 
novel genes.  
Preliminary research in this thesis attempted to optimize a DNA extraction and 
purification technique suitable for the production of large-insert (30-50 kb) functional 
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metagenomic libraries. I hypothesized that bead-beating would result in DNA that was too 
highly sheared because of the vigorous, mechanical nature of the extraction and that a gentler 
extraction method would be needed. Results generated from the three methods tested 
confirmed this hypothesis. Pulsed field gel electrophoresis demonstrated that bead-beating 
resulted in fragments that were too small (<20 kb) for the construction of large-insert 
metagenomic libraries. A more gentle extraction method - the high-salt buffer and SDS based 
modified Zhou procedure - was necessary and resulted in DNA in a suitable size range (>30 
kb). Previous research (Riesenfeld et al., 2004, Turnbaugh et al., 2009, Lanzen et al., 2011) 
has used bead-beating extractions for sequence-based, small-insert libraries but found that the 
method was unsuitable for large-insert libraries. That research was supported by the research 
presented in this thesis. Along with Neveu et al. (2011), Chen et al. (2008), and Sul et al. 
(2009), who used the Zhou extraction method for large-insert libraries, this research 
demonstrated that it is an effective method for extraction of high-molecular weight DNA 
suitable for the construction of cosmid, fosmid, or BAC metagenomic libraries.  
 
4.2 Future Considerations  
 
Microbial communities are extremely complex, making them difficult to study. The 
methods applied in this thesis represent strategies for analyzing subsets of communities, and 
for determining microorganisms and their genes important for specific community functions. 
Limitations of DNA-SIP as a method for identifying unknown organisms include a difficulty 
in characterizing microorganisms with long generation times, dilution of applied labeled 
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substrate with other environmental carbon sources, and substrate concentration requirements 
much greater than those found in natural environments (Neufeld et al., 2007b). Researchers 
have developed variations of stable-isotope probing to circumvent these limitations. 
Phospholipid fatty acid stable-isotope probing (PFLA-SIP) can achieve characterization of 
organisms actively metabolizing substrates through the comparison of cell membrane lipids 
(Treonis et al., 2004), which does not require long incubation times and is useful for the 
identification of groups with unique membrane structures. RNA-SIP is similar to DNA-SIP, 
but uses isotopically labeled RNA molecules. Similar to PFLA-SIP, the benefit of RNA-SIP 
is increased sensitivity. 
An important consideration when using a DNA-SIP pre-enrichment is the 
determination of which heavy fraction to amplify using MDA. This study used fraction 7 
because it provided higher amounts of template DNA for MDA reactions than fractions 5 and 
6. However, the use of fractions 5 or 6 may have resulted in a higher proportion of cellulase 
genes sequences in the resulting metagenomic libraries because fraction 7 shared some 
bacterial community characteristics with the lighter fractions (Figure 3.3). It would be 
interesting to see if the use of fraction 5 or 6 would have resulted in an increase in the three 
fold increase seen in cellulase gene sequences. I would suggest future studies using a DNA-
SIP pre-enrichment should attempt MDA amplification on all heavy fractions and, depending 
on the amount of bias introduced through MDA, use the most unique heavy fraction for 
metagenomic library construction. 
Following stable-isotope probing, ideally this research would have included the 
screening of cosmid, fosmid or BAC functional metagenomic libraries as well. It would have 
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been very interesting to observe how the screening efficiencies of each library compared to 
the proportions of cellulases calculated using Illumina sequencing and functional annotation. 
However, with functional screening the possibility of having a fraction 7 sample without 
MDA applied is not possible. There would not be enough DNA to generate a library of 
adequate size. Observing whether the screening efficiency was better in the SIP-MDA library 
versus the bulk soil would be very interesting although DGGE and sequence data suggest that 
greater template concentrations must be used to minimize MDA bias (Table 3.3, Figure 3.4).  
This research also provided evidence that DGGE is a useful method for indicating 
whether representation bias has been introduced by MDA. In Figure 3.5, the SIP-MDA 
samples, though sharing some bands, contained visually different bacterial fingerprints than 
SIPf7. This suggested that a considerable amount of representation bias had been introduced 
following MDA, which was confirmed followed Illumina sequencing and annotation. Future 
researchers using MDA to amplify SIP DNA should consider using DGGE to provide a 
preliminary measure of representation bias introduced by MDA. If DGGE indicates bias has 
been introduced it may be beneficial to perform new DNA-SIP and/or MDA experiments to 
reduce the bias before proceeding to sequencing or functional cloning and screening. The use 
of DGGE as an “early warning” method to assess MDA representational bias has the 
potential to save researchers from wasting time and resources by proceeding with further 
experiments on samples that have been biased through MDA reactions. 
With relation to a DNA-SIP and functional metagenomic research, I believe a study 
similar to the research by Schwarz et al. (2006) could provide very interesting results, and 
hopefully provide numerous truly novel cellulase genes. Schwarz et al. (2006) incubated 
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marine sediment with 
13
C-labelled glycerol as a DNA-SIP enrichment prior to using 
functional metagenomics. Following DNA-SIP fractionation they used the heavy and light 
DNA to generate metagenomic libraries. Using colony hybridization they found 24 positive 
clones in the heavy DNA library and 9 positive clones in the light DNA library.  
I believe a study employing a 
13
C-cellulose DNA-SIP enrichment on tundra soil prior 
to functional metagenomic screening would enhance gene detection capabilities for 
cellulases. MDA would be necessary to increase the amount of DNA to a level suitable for 
functional library generation, which could hinder the success rate of the functional screening 
due to representation bias (Table 3.4, Table 3.7, Figure 3.5, Appendix A). A possible way to 
circumvent this bias would be to pool the heavy DNA-SIP fractions prior to MDA, thereby 
increasing the amount of template DNA. Following MDA, cosmid, fosmid, or BAC librarys 
could be constructed followed by Congo Red overlay to screen for cellulases. I believe this 
future research would not only provide interesting results, but also discover many industrial 
relevant cellulase genes. 
An important next step will be to conduct DNA-SIP and metagenomics investigations 
with the inclusion of different types of soils. Canadian MetaMicroBiome Library research 
currently being undertaken should provide this information from many different soil 
ecosystem samples from across Canada (Neufeld et al., 2011). This project uses multiple 
13
C-
labeled carbohydrate substrates, which should result in the characterization and discovery of 
numerous novel carbohydrate-active enzymes. 
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The results presented in this thesis advance the understanding of the effect of DNA-
SIP on metagenomic libraries, as well as the effect of MDA. The research presented here 
represents a proof-of-principle experiment for the targeted enrichment of cellulases using 
DNA stable-isotope probing and metagenomics from tundra soil. The data collected during 
this experiment provides insight into the usefulness of DNA-SIP as an enrichment step for 
metagenomics, and will strengthen the application of this type of research for both 
















Glycoside Hydrolase Counts for Illumina Libraries 
 
The following tables show the total number of sequences annotated as glycoside 
hydrolases for each Illumina library (replicate 1/replicate 2). Note that a combined table of 
all GH families and sequence representation has been prepared in MS Excel and included on 






GH1 β-Glucosidase, β-galactosidase, β-mannosidase, others 193/196 
GH2 β-Galactosidase, β-mannosidase, others 150/154 
GH3 β-1,4-Glucosidase, β-1,4-xylosidase, β-1,3-glucosidase, others 333/317 
GH4 α-Glucosidase, α-galactosidase, α-glucuronidase, others 78/73 
GH5 Cellulase, β-1,4-endoglucanase, β-1,3-glucosidase, β-1,4-
endoxylanase, β-1,4-endomannanase, others 
392/373 
GH6 Endoglucanase, cellobiohydrolase 33/40 
GH7 β-1,4-endoglucanase,cellobiohydrolase, chitosanase 1/4 
GH8 Cellulase, β-1,3-glucosidase, β-1,4-endoxylanase, β-1,4-
endomannanase, others 
40/39 
GH9 Endoglucanase, cellobiohydrolase, β-glucosidase 194/178 
GH10 Xylanase, β-1,3-endoxylanase 156/150 
GH11 Xylanase 44/34 
GH12 Endoglucanase, β-1,3-1,4-glucanase, others 2/2 
GH13 α-Amylase, catalytic domain, and related enzymes 263/281 
GH14 β-amylase 3/3 
GH15 glucoamylase, glucodextranase, α-trehalase 20/12 
GH16 β-1,3-Endoglucanase, β-agarase, xyloglucanase, β-1,3-galactanase, 
others 
54/51 
GH17 licheninase, glucan β-1,3-glucosidase 13/10 
GH18 Chitinase, endo-β-N-acetylglucosaminidase, non-catalytic proteins 73/71 




Chitinase, endo-β-N-acetylglucosaminidase, non-catalytic proteins 
 
21/23 
GH22 lysozyme type c and i, α-lactalbumin 1/1 
GH23 Chitinase, endo-β-N-acetylglucosaminidase, non-catalytic proteins 52/41 
GH26 β-1,3-Xylanase, mannanase 18/24 
GH27 α-Galactosidase, α-N-acetylgalactosaminidase, isomalto-dextranase 57/69 
GH28 Polygalacturonase, rhamnogalacturonase, others 23/25 
GH29 α-L-fucosidase 24/31 
GH30 β-1,6-glucanase, β-xylosidase, β-glucosidase, β-fucosidase, otheers 59/63 
GH31 α-Glucosidase, α-xylosidase, others 71/51 
GH32 invertase, endo-inulinase, endo-levanase, others 48/47 
GH34 sialidase 1/1 
GH35 β-Galactosidase 36/36 
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Con’t Known Activities 
SIPf7 
(forward/reverse) 
GH38 α-Mannosidase 27/22 
GH39 β-Xylosidase, α-L-iduronidase 25/22 
GH42 β-Galactosidase 32/24 
GH43 Xylanase, β-xylosidase, α-L-arabinofuranosidase, arabinanase, others 34/35 
GH44 Endoglucanase, xyloglucanase 68/60 
GH45 Endoglucanase (mainly eukaryotic) 10/6 
GH46 chitosanase 8/7 
GH47 α-Mannosidase 12/16 
GH48 endoglucanase, chitinase, cellobiohydrolase, endo-cellulases 36/39 
GH50 β-agarase 2/2 
GH51 Endoglucanase, α-L-arabinofuranosidase 117/134 
GH52 β-Xylosidase 3/8 
GH53 β-1,4-Endogalactanase 16/12 
GH54 α-L-arabinofuranosidase, β-xylosidase 9/4 
GH55 exo-β-1,3-glucanase, endo-β-1,3-glucanase 2/0 
GH56 hyaluronidase 5/3 
GH57 α-Amylase, 4-α-glucanotransferase, α-galactosidase, others 56/50 
GH58 Endo-N-acetylneuraminidase or endo-sialidase 1/0 
GH59 galactocerebrosidase 2/2 
GH61 endoglucanase (needs others cellulases) 2/0 
GH62 α-L-arabinofuranosidase 56/44 
GH63 α-glucosidase, α-1,3-glucosidase 1/2 
GH64 β-1,3-glucanase 1/0 
GH65 Trehalase, maltose phosphorylase, trehalose phosphorylase 13/14 
GH66 dextranase 1/0 
GH68 β-fructofuranosidase, others 6/1 
GH71 α-1,3-glucanase 1/0 
GH73 peptidoglycan hydrolase 1/4 
GH74 Endoglucanase, cellobiohydrolase, xyloglucanase 115/93 
GH77 4-α-Glucanotransferase, amylomaltase 77/51 
GH79 β-glucuronidase, heparanase, others 2/0 
GH81 endo-β-1,3-glucanase 4/5 
GH83 neuraminidase 3/1 
GH85 endo-β-N-acetylglucosaminidase 2/1 
GH95 α-L-Fucosidase 9/11 
GH96 α-agarase 9/8 
GH99 endo-α-1,2-mannosidase 2/2 
GH109 α-N-Acetylgalactosaminidase 21/12 
GH110 α-galactosidase, α-1,3-galactosidase 6/3 










GH1 β-Glucosidase, β-galactosidase, β-mannosidase, others 142/187 
GH2 β-Galactosidase, β-mannosidase, others 245/262 
GH3 
β-1,4-Glucosidase, β-1,4-xylosidase, β-1,3-glucosidase, α-
laraβinofuranosidase, others 300/305 
GH4 α-Glucosidase, α-galactosidase, α-glucuronidase, others 16/21 
GH5 
Cellulase, β-1,4-endoglucanase, β-1,3-glucosidase, β-1,4-
endoxylanase, β-1,4-endomannanase, others 304/280 
GH6 Endoglucanase, cellobiohydrolase 32/23 
GH7 β-1,4-endoglucanase,cellobiohydrolase, chitosanase 3/5 
GH8 
Cellulase, β-1,3-glucosidase, β-1,4-endoxylanase, β-1,4-
endomannanase, others 35/22 
GH9 Endoglucanase, cellobiohydrolase, β-glucosidase 115/88 
GH10 Xylanase, β-1,3-endoxylanase 206/208 
GH11 Xylanase 40/31 
GH12 Endoglucanase, β-1,3-1,4-glucanase, others 0/1 
GH13 α-Amylase, catalytic domain, and related enzymes 266/282 
GH14 β-amylase 13/13 
GH15 glucoamylase, glucodextranase, α-trehalase 20/13 
GH16 
β-1,3-Endoglucanase, β-agarase, xyloglucanase, β-1,3-galactanase, 
others 124/127 
GH17 licheninase, glucan β-1,3-glucosidase 17/8 
GH18 Chitinase, endo-β-N-acetylglucosaminidase, non-catalytic proteins 130/139 
GH19 chitinase, lysozyme 10/9 
GH20 Chitinase, endo-β-N-acetylglucosaminidase, non-catalytic proteins 71/70 
GH22 lysozyme type c and i, α-lactalbumin 6/6 
GH23 Chitinase, endo-β-N-acetylglucosaminidase, non-catalytic proteins 71/88 
GH26 β-1,3-Xylanase, mannanase 28/29 
GH27 α-Galactosidase, α-N-acetylgalactosaminidase, isomalto-dextranase 62/81 
GH28 Polygalacturonase, rhamnogalacturonase, others 21/25 
GH29 α-L-fucosidase 75/68 
GH30 β-1,6-glucanase, β-xylosidase, β-glucosidase, β-fucosidase, otheers 32/29 
GH31 α-Glucosidase, α-xylosidase, others 118/97 
GH32 invertase, endo-inulinase, endo-levanase, others 129/130 
GH33 sialidase, trans-sialidase, others 35/29 
GH34 sialidase 5/3 
GH35 β-Galactosidase 45/34 
GH36 α-Galactosidase, α-N-acetylgalactosaminidase 3/3 
GH37 α,α-trehalase 236/261 
GH38 α-Mannosidase 34/30 
GH39 β-Xylosidase, α-L-iduronidase 30/19 
GH42 β-Galactosidase 15/12 
GH43 Xylanase, β-xylosidase, α-L-arabinofuranosidase, arabinanase, others 83/73 
GH44 Endoglucanase, xyloglucanase 19/15 
GH45 Endoglucanase (mainly eukaryotic) 5/10 
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Con’t Known Activities 
SIPf7MDA1 
(forward/reverse) 
GH47 α-Mannosidase 36/38 
GH48 endoglucanase, chitinase, cellobiohydrolase, endo-cellulases 11/15 
GH49 dextranase, isopullulanase, others 1/0 
GH50 β-agarase 1/1 
GH51 Endoglucanase, α-L-arabinofuranosidase 73/81 
GH52 β-Xylosidase 1/1 
GH53 β-1,4-Endogalactanase 34/30 
GH54 α-L-arabinofuranosidase, β-xylosidase 8/5 
GH56 hyaluronidase 5/7 
GH57 α-Amylase, 4-α-glucanotransferase, α-galactosidase, others 42/39 
GH58 Endo-N-acetylneuraminidase or endo-sialidase 1/0 
GH59 galactocerebrosidase 0/3 
GH61 endoglucanase (needs others cellulases) 1/4 
GH62 α-L-arabinofuranosidase 30/21 
GH63 α-glucosidase, α-1,3-glucosidase 2/4 
GH65 Trehalase, maltose phosphorylase, trehalose phosphorylase 27/26 
GH66 dextranase 0/1 
GH68 β-fructofuranosidase, others 5/3 
GH73 peptidoglycan hydrolase 11/77 
GH74 Endoglucanase, cellobiohydrolase, xyloglucanase 57/65 
GH76 α-1,6-mannanase 1/1 
GH77 4-α-Glucanotransferase, amylomaltase 45/55 
GH79 β-glucuronidase, heparanase, others 4/0 
GH81 endo-β-1,3-glucanase 9/9 
GH83 neuraminidase 1/2 
GH85 endo-β-N-acetylglucosaminidase 1/1 
GH89 α-N-Acetylgalactosaminidase 1/1 
GH95 α-L-Fucosidase 7/7 
GH96 α-agarase 10/19 
GH99 endo-α-1,2-mannosidase 1/3 
GH102 Peptidoglycan lytic transglycosylase 1/0 
GH103 Peptidoglycan lytic transglycosylase 1/2 
GH109 α-N-Acetylgalactosaminidase 79/90 
GH110 α-galactosidase, α-1,3-galactosidase 12/11 












GH1 β-Glucosidase, β-galactosidase, β-mannosidase, others 174/112 
GH2 β-Galactosidase, β-mannosidase, others 297/255 
GH3 
β-1,4-Glucosidase, β-1,4-xylosidase, β-1,3-glucosidase, α-
laraβinofuranosidase, others 411/332 
GH4 α-Glucosidase, α-galactosidase, α-glucuronidase, others 5/4 
GH5 
Cellulase, β-1,4-endoglucanase, β-1,3-glucosidase, β-1,4-
endoxylanase, β-1,4-endomannanase, others 260/234 
GH6 Endoglucanase, cellobiohydrolase 41/28 
GH7 β-1,4-endoglucanase,cellobiohydrolase, chitosanase 3/3 
GH8 
Cellulase, β-1,3-glucosidase, β-1,4-endoxylanase, β-1,4-
endomannanase, others 34/29 
GH9 Endoglucanase, cellobiohydrolase, β-glucosidase 108/94 
GH10 Xylanase, β-1,3-endoxylanase 239/193 
GH11 Xylanase 22/21 
GH12 Endoglucanase, β-1,3-1,4-glucanase, others 2/0 
GH13 α-Amylase, catalytic domain, and related enzymes 331/229 
GH14 β-amylase 13/7 
GH15 glucoamylase, glucodextranase, α-trehalase 12/13 
GH16 
β-1,3-Endoglucanase, β-agarase, xyloglucanase, β-1,3-galactanase, 
others 166/129 
GH17 licheninase, glucan β-1,3-glucosidase 10/12 
GH18 Chitinase, endo-β-N-acetylglucosaminidase, non-catalytic proteins 95/80 
GH19 chitinase, lysozyme 8/3 
GH20 Chitinase, endo-β-N-acetylglucosaminidase, non-catalytic proteins 126/75 
GH22 lysozyme type c and i, α-lactalbumin 7/4 
GH23 Chitinase, endo-β-N-acetylglucosaminidase, non-catalytic proteins 28/28 
GH24 lysozyme 0/2 
GH25 Lysozyme 0/1 
GH26 β-1,3-Xylanase, mannanase 39/22 
GH27 α-Galactosidase, α-N-acetylgalactosaminidase, isomalto-dextranase 91/76 
GH28 Polygalacturonase, rhamnogalacturonase, others 42/19 
GH29 α-L-fucosidase 92/61 
GH30 β-1,6-glucanase, β-xylosidase, β-glucosidase, β-fucosidase, otheers 21/21 
GH31 α-Glucosidase, α-xylosidase, others 82/51 
GH32 invertase, endo-inulinase, endo-levanase, others 143/100 
GH33 sialidase, trans-sialidase, others 23/20 
GH34 sialidase 10/6 
GH35 β-Galactosidase 44/30 
GH36 α-Galactosidase, α-N-acetylgalactosaminidase 4/4 
GH37 α,α-trehalase 399/281 
GH38 α-Mannosidase 90/79 
GH39 β-Xylosidase, α-L-iduronidase 24/11 
GH42 β-Galactosidase 15/12 
GH43 Xylanase, β-xylosidase, α-L-arabinofuranosidase, arabinanase 64/62 
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Con’t Known Activities 
SIPMDA2 
(forward/reverse) 
GH44 Endoglucanase, xyloglucanase 4/8 
GH45 Endoglucanase (mainly eukaryotic) 5/6 
GH46 chitosanase 0/1 
GH47 α-Mannosidase 47/32 
GH48 endoglucanase, chitinase, cellobiohydrolase, endo-cellulases 23/3 
GH50 β-agarase 1/1 
GH51 Endoglucanase, α-L-arabinofuranosidase 85/67 
GH52 β-Xylosidase 2/2 
GH53 β-1,4-Endogalactanase 33/25 
GH54 α-L-arabinofuranosidase, β-xylosidase 6/12 
GH55 exo-β-1,3-glucanase, endo-β-1,3-glucanase 4/1 
GH56 hyaluronidase 1/0 
GH57 α-Amylase, 4-α-glucanotransferase, α-galactosidase, others 43/22 
GH58 Endo-N-acetylneuraminidase or endo-sialidase 4/3 
GH59 galactocerebrosidase 2/1 
GH62 α-L-arabinofuranosidase 15/15 
GH64 β-1,3-glucanase 1/0 
GH65 Trehalase, maltose phosphorylase, trehalose phosphorylase 38/23 
GH66 dextranase 0/1 
GH68 β-fructofuranosidase, others 1/0 
GH71 α-1,3-glucanase 1/0 
GH73 peptidoglycan hydrolase 15/13 
GH74 Endoglucanase, cellobiohydrolase, xyloglucanase 47/57 
GH76 α-1,6-mannanase 0/1 
GH77 4-α-Glucanotransferase, amylomaltase 61/56 
GH79 β-glucuronidase, heparanase, others 2/2 
GH81 endo-β-1,3-glucanase 9/7 
GH83 neuraminidase 4/3 
GH85 endo-β-N-acetylglucosaminidase 7/2 
GH89 α-N-Acetylgalactosaminidase 2/0 
GH95 α-L-Fucosidase 8/6 
GH96 α-agarase 9/7 
GH109 α-N-Acetylgalactosaminidase 137/84 
GH110 α-galactosidase, α-1,3-galactosidase 44/37 













GH1 β-Glucosidase, β-galactosidase, β-mannosidase, others 183/166 
GH2 β-Galactosidase, β-mannosidase, others 195/207 
GH3 
β-1,4-Glucosidase, β-1,4-xylosidase, β-1,3-glucosidase, α-
laraβinofuranosidase, others 1272/1264 
GH4 α-Glucosidase, α-galactosidase, α-glucuronidase, others 58/98 
GH5 
Cellulase, β-1,4-endoglucanase, β-1,3-glucosidase, β-1,4-
endoxylanase, β-1,4-endomannanase, others 1756/1902 
GH6 Endoglucanase, cellobiohydrolase 6/10 
GH8 
Cellulase, β-1,3-glucosidase, β-1,4-endoxylanase, β-1,4-
endomannanase, others 113/124 
GH9 Endoglucanase, cellobiohydrolase, β-glucosidase 3903/4188 
GH10 Xylanase, β-1,3-endoxylanase 1246/1370 
GH11 Xylanase 62/51 
GH13 α-Amylase, catalytic domain, and related enzymes 1743/2239 
GH14 β-amylase 5/11 
GH16 
β-1,3-Endoglucanase, β-agarase, xyloglucanase, β-1,3-galactanase, 
others 343/361 
GH17 licheninase, glucan β-1,3-glucosidase 0/1 
GH18 Chitinase, endo-β-N-acetylglucosaminidase, non-catalytic proteins 91/113 
GH19 chitinase, lysozyme 2/1 
GH23 Chitinase, endo-β-N-acetylglucosaminidase, non-catalytic proteins 18/23 
GH24 lysozyme 29/32 
GH25 Lysozyme 25/30 
GH26 β-1,3-Xylanase, mannanase 31/22 
GH27 α-Galactosidase, α-N-acetylgalactosaminidase, isomalto-dextranase 3/2 
GH28 Polygalacturonase, rhamnogalacturonase, others 10/18 
GH29 α-L-fucosidase 3/8 
GH30 β-1,6-glucanase, β-xylosidase, β-glucosidase, β-fucosidase, otheers 54/50 
GH31 α-Glucosidase, α-xylosidase, others 82/77 
GH32 invertase, endo-inulinase, endo-levanase, others 218/240 
GH33 sialidase, trans-sialidase, others 6/3 
GH34 sialidase 14/14 
GH35 β-Galactosidase 82/68 
GH36 α-Galactosidase, α-N-acetylgalactosaminidase 28/22 
GH38 α-Mannosidase 119/113 
GH39 β-Xylosidase, α-L-iduronidase 377/392 
GH42 β-Galactosidase 115/141 
GH43 
Xylanase, β-xylosidase, α-L-arabinofuranosidase, arabinanase, 
others 10/10 
GH44 Endoglucanase, xyloglucanase 19/38 
GH45 Endoglucanase (mainly eukaryotic) 89/78 
GH47 α-Mannosidase 2/6 
GH48 endoglucanase, chitinase, cellobiohydrolase, endo-cellulases 2299/2481 
GH52 β-Xylosidase 0/2 
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Con’t Known Activities 
CDE 
(forward/reverse) 
GH57 α-Amylase, 4-α-glucanotransferase, α-galactosidase, others 5/7 
GH66 dextranase 333/385 
GH68 β-fructofuranosidase, others 1/0 
GH73 peptidoglycan hydrolase 5/9 
GH74 Endoglucanase, cellobiohydrolase, xyloglucanase 371/382 
GH77 4-α-Glucanotransferase, amylomaltase 82/70 
GH95 α-L-Fucosidase 6/7 
GH109 α-N-Acetylgalactosaminidase 1/0 





















Family Known Activities 
RB1A 
(forward/reverse) 
GH1 β-Glucosidase, β-galactosidase, β-mannosidase, others 101/90 
GH2 β-Galactosidase, β-mannosidase, others 103/119 
GH3 
β-1,4-Glucosidase, β-1,4-xylosidase, β-1,3-glucosidase, α-
laraβinofuranosidase, others 244/221 
GH4 α-Glucosidase, α-galactosidase, α-glucuronidase, others 29/25 
GH5 
Cellulase, β-1,4-endoglucanase, β-1,3-glucosidase, β-1,4-
endoxylanase, β-1,4-endomannanase, others 63/86 
GH6 Endoglucanase, cellobiohydrolase 15/18 
GH7 β-1,4-endoglucanase,cellobiohydrolase, chitosanase 6/1 
GH8 
Cellulase, β-1,3-glucosidase, β-1,4-endoxylanase, β-1,4-
endomannanase, others 8/14 
GH9 Endoglucanase, cellobiohydrolase, β-glucosidase 56/47 
GH10 Xylanase, β-1,3-endoxylanase 91/75 
GH11 Xylanase 12/6 
GH12 Endoglucanase, β-1,3-1,4-glucanase, others 1/0 
GH13 α-Amylase, catalytic domain, and related enzymes 167/208 
GH14 β-amylase 4/5 
GH15 glucoamylase, glucodextranase, α-trehalase 12/17 
GH16 
β-1,3-Endoglucanase, β-agarase, xyloglucanase, β-1,3-galactanase, 
others 27/16 
GH17 licheninase, glucan β-1,3-glucosidase 19/5 
GH18 Chitinase, endo-β-N-acetylglucosaminidase, non-catalytic proteins 39/49 
GH19 chitinase, lysozyme 4/3 
GH20 Chitinase, endo-β-N-acetylglucosaminidase, non-catalytic proteins 29/35 
GH22 lysozyme type c and i, α-lactalbumin 2/3 
GH23 Chitinase, endo-β-N-acetylglucosaminidase, non-catalytic proteins 51/51 
GH24 lysozyme 11/5 
GH27 α-Galactosidase, α-N-acetylgalactosaminidase, isomalto-dextranase 50/41 
GH28 Polygalacturonase, rhamnogalacturonase, others 20/16 
GH29 α-L-fucosidase 21/30 
GH30 β-1,6-glucanase, β-xylosidase, β-glucosidase, β-fucosidase, otheers 9/2 
GH31 α-Glucosidase, α-xylosidase, others 58/44 
GH32 invertase, endo-inulinase, endo-levanase, others 31/39 
GH33 sialidase, trans-sialidase, others 13/11 
GH34 sialidase 26/1 
GH35 β-Galactosidase 5/24 
GH37 α,α-trehalase 62/52 
GH38 α-Mannosidase 12/10 
GH39 β-Xylosidase, α-L-iduronidase 40/36 
GH42 β-Galactosidase 17/13 
GH43 Xylanase, β-xylosidase, α-L-arabinofuranosidase, arabinanase, others 20/22 
GH44 Endoglucanase, xyloglucanase 7/17 
GH45 Endoglucanase (mainly eukaryotic) 0/3 
GH47 α-Mannosidase 21/20 
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Con’t Known Activities 
RB1A 
(forward/reverse) 
GH49 dextranase, isopullulanase, others 0/1 
GH50 β-agarase 4/2 
GH51 Endoglucanase, α-L-arabinofuranosidase 107/110 
GH52 β-Xylosidase 1/1 
GH53 β-1,4-Endogalactanase 10/8 
GH54 α-L-arabinofuranosidase, β-xylosidase 10/11 
GH55 exo-β-1,3-glucanase, endo-β-1,3-glucanase 1/0 
GH57 α-Amylase, 4-α-glucanotransferase, α-galactosidase, others 23/31 
GH58 Endo-N-acetylneuraminidase or endo-sialidase 2/1 
GH61 endoglucanase (needs others cellulases) 2/0 
GH62 α-L-arabinofuranosidase 10/2 
GH63 α-glucosidase, α-1,3-glucosidase 1/2 
GH64 β-1,3-glucanase 0/3 
GH65 Trehalase, maltose phosphorylase, trehalose phosphorylase 2/1 
GH68 β-fructofuranosidase, others 1/2 
GH73 peptidoglycan hydrolase 3/4 
GH74 Endoglucanase, cellobiohydrolase, xyloglucanase 32/29 
GH76 α-1,6-mannanase 3/0 
GH77 4-α-Glucanotransferase, amylomaltase 58/52 
GH81 endo-β-1,3-glucanase 4/1 
GH83 neuraminidase 1/4 
GH89 α-N-Acetylgalactosaminidase 0/1 
GH95 α-L-Fucosidase 5/5 
GH96 α-agarase 4/6 
GH99 endo-α-1,2-mannosidase 2/0 
GH103 Peptidoglycan lytic transglycosylase 0/1 
GH109 α-N-Acetylgalactosaminidase 21/26 
GH110 α-galactosidase, α-1,3-galactosidase 3/3 
GH111 keratan sulphate hydrolase 1/0 



























β-Glucosidase, β-galactosidase, β-mannosidase, others 147/129 
GH2 β-Galactosidase, β-mannosidase, others 168/159 
GH3 
β-1,4-Glucosidase, β-1,4-xylosidase, β-1,3-glucosidase, α-
laraβinofuranosidase, others 368/292 
GH4 α-Glucosidase, α-galactosidase, α-glucuronidase, others 22/22 
GH5 
Cellulase, β-1,4-endoglucanase, β-1,3-glucosidase, β-1,4-
endoxylanase, β-1,4-endomannanase, others 121/110 
GH6 Endoglucanase, cellobiohydrolase 14/16 
GH7 β-1,4-endoglucanase,cellobiohydrolase, chitosanase 5/4 
GH8 
Cellulase, β-1,3-glucosidase, β-1,4-endoxylanase, β-1,4-
endomannanase, others 27/16 
GH9 Endoglucanase, cellobiohydrolase, β-glucosidase 57/63 
GH10 Xylanase, β-1,3-endoxylanase 117/119 
GH11 Xylanase 5/8 
GH12 Endoglucanase, β-1,3-1,4-glucanase, others 1/2 
GH13 α-Amylase, catalytic domain, and related enzymes 216/231 
GH14 β-amylase 7/4 
GH15 glucoamylase, glucodextranase, α-trehalase 13/10 
GH16 
β-1,3-Endoglucanase, β-agarase, xyloglucanase, β-1,3-galactanase, 
others 60/57 
GH17 licheninase, glucan β-1,3-glucosidase 21/16 
GH18 Chitinase, endo-β-N-acetylglucosaminidase, non-catalytic proteins 64/49 
GH19 chitinase, lysozyme 8/12 
GH20 Chitinase, endo-β-N-acetylglucosaminidase, non-catalytic proteins 41/50 
GH22 lysozyme type c and i, α-lactalbumin 3/3 
GH23 Chitinase, endo-β-N-acetylglucosaminidase, non-catalytic proteins 46/38 
GH24 lysozyme 6/11 
GH25 Lysozyme 5/4 
GH26 β-1,3-Xylanase, mannanase 31/16 
GH27 α-Galactosidase, α-N-acetylgalactosaminidase, isomalto-dextranase 81/94 
GH28 Polygalacturonase, rhamnogalacturonase, others 20/30 
GH29 α-L-fucosidase 58/34 
GH30 β-1,6-glucanase, β-xylosidase, β-glucosidase, β-fucosidase, otheers 7/3 
GH31 α-Glucosidase, α-xylosidase, others 91/82 
GH32 invertase, endo-inulinase, endo-levanase, others 86/65 
GH33 sialidase, trans-sialidase, others 23/28 
GH34 sialidase 3/2 
GH35 β-Galactosidase 26/27 
GH36 α-Galactosidase, α-N-acetylgalactosaminidase 2/9 
GH37 α,α-trehalase 118/107 
GH38 α-Mannosidase 11/4 
GH39 β-Xylosidase, α-L-iduronidase 36/40 
GH42 β-Galactosidase 16/14 
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Con’t Known Activities 
RB1AMDA 
(forward/reverse) 
GH44 Endoglucanase, xyloglucanase 13/8 
GH45 Endoglucanase (mainly eukaryotic) 1/1 
GH46 chitosanase 1/0 
GH47 α-Mannosidase 34/27 
GH48 endoglucanase, chitinase, cellobiohydrolase, endo-cellulases 25/24 
GH51 Endoglucanase, α-L-arabinofuranosidase 110/93 
GH53 β-1,4-Endogalactanase 15/9 
GH54 α-L-arabinofuranosidase, β-xylosidase 4/3 
GH55 exo-β-1,3-glucanase, endo-β-1,3-glucanase 2/0 
GH57 α-Amylase, 4-α-glucanotransferase, α-galactosidase, others 21/18 
GH58 Endo-N-acetylneuraminidase or endo-sialidase 2/1 
GH61 endoglucanase (needs others cellulases) 9/0 
GH62 α-L-arabinofuranosidase 2/4 
GH63 α-glucosidase, α-1,3-glucosidase 5/3 
GH65 Trehalase, maltose phosphorylase, trehalose phosphorylase 11/6 
GH66 dextranase 2/3 
GH68 β-fructofuranosidase, others 1/1 
GH71 α-1,3-glucanase 0/1 
GH73 peptidoglycan hydrolase 5/2 
GH74 Endoglucanase, cellobiohydrolase, xyloglucanase 31/27 
GH77 4-α-Glucanotransferase, amylomaltase 46/42 
GH81 endo-β-1,3-glucanase 3/2 
GH83 neuraminidase 2/2 
GH84 hyaluronidase, N-acetyl β-glucosaminidase 1/0 
GH85 endo-β-N-acetylglucosaminidase 0/1 
GH89 α-N-Acetylgalactosaminidase 0/1 
GH95 α-L-Fucosidase 4/1 
GH96 α-agarase 8/10 
GH99 endo-α-1,2-mannosidase 1/0 
GH109 α-N-Acetylgalactosaminidase 79/77 
GH110 α-galactosidase, α-1,3-galactosidase 4/2 
GH112 β-mannanase 0/3 
GH115 acid β-glucosidase, β-glucosidase, β-xylosidase 2/0 













GH1 β-Glucosidase, β-galactosidase, β-mannosidase, others 121/109 
GH2 β-Galactosidase, β-mannosidase, others 128/170 
GH3 
β-1,4-Glucosidase, β-1,4-xylosidase, β-1,3-glucosidase, α-
laraβinofuranosidase, others 314/295 
GH4 α-Glucosidase, α-galactosidase, α-glucuronidase, others 44/40 
GH5 
Cellulase, β-1,4-endoglucanase, β-1,3-glucosidase, β-1,4-
endoxylanase, β-1,4-endomannanase, others 130/100 
GH6 Endoglucanase, cellobiohydrolase 24/11 
GH7 β-1,4-endoglucanase,cellobiohydrolase, chitosanase 5/2 
GH8 
Cellulase, β-1,3-glucosidase, β-1,4-endoxylanase, β-1,4-
endomannanase, others 11/11 
GH9 Endoglucanase, cellobiohydrolase, β-glucosidase 66/62 
GH10 Xylanase, β-1,3-endoxylanase 84/73 
GH11 Xylanase 12/15 
GH12 Endoglucanase, β-1,3-1,4-glucanase, others 1/0 
GH13 α-Amylase, catalytic domain, and related enzymes 262/296 
GH14 β-amylase 7/6 
GH15 glucoamylase, glucodextranase, α-trehalase 24/28 
GH16 
β-1,3-Endoglucanase, β-agarase, xyloglucanase, β-1,3-galactanase, 
others 28/30 
GH17 licheninase, glucan β-1,3-glucosidase 12/10 
GH18 Chitinase, endo-β-N-acetylglucosaminidase, non-catalytic proteins 55/55 
GH19 chitinase, lysozyme 7/9 
GH20 Chitinase, endo-β-N-acetylglucosaminidase, non-catalytic proteins 42/24 
GH22 lysozyme type c and i, α-lactalbumin 4/2 
GH23 Chitinase, endo-β-N-acetylglucosaminidase, non-catalytic proteins 80/60 
GH24 lysozyme 19/10 
GH25 Lysozyme 1/1 
GH26 β-1,3-Xylanase, mannanase 9/12 
GH27 α-Galactosidase, α-N-acetylgalactosaminidase, isomalto-dextranase 52/47 
GH28 Polygalacturonase, rhamnogalacturonase, others 29/28 
GH29 α-L-fucosidase 30/18 
GH30 β-1,6-glucanase, β-xylosidase, β-glucosidase, β-fucosidase, otheers 11/7 
GH31 α-Glucosidase, α-xylosidase, others 79/59 
GH32 invertase, endo-inulinase, endo-levanase, others 36/38 
GH33 sialidase, trans-sialidase, others 11/17 
GH34 sialidase 0/2 
GH35 β-Galactosidase 21/20 
GH36 α-Galactosidase, α-N-acetylgalactosaminidase 4/5 
GH37 α,α-trehalase 56/57 
GH38 α-Mannosidase 15/16 
GH39 β-Xylosidase, α-L-iduronidase 25/36 
GH42 β-Galactosidase 17/14 
GH43 Xylanase, β-xylosidase, α-L-arabinofuranosidase, arabinanase, others 24/20 
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Con’t Known Activities 
RB1B 
(forward/reverse) 
GH45 Endoglucanase (mainly eukaryotic) 2/0 
GH46 chitosanase 2/4 
GH47 α-Mannosidase 21/26 
GH48 endoglucanase, chitinase, cellobiohydrolase, endo-cellulases 27/34 
GH50 β-agarase 0/4 
GH51 Endoglucanase, α-L-arabinofuranosidase 125/115 
GH52 β-Xylosidase 1/0 
GH53 β-1,4-Endogalactanase 10/7 
GH54 α-L-arabinofuranosidase, β-xylosidase 15/17 
GH55 exo-β-1,3-glucanase, endo-β-1,3-glucanase 1/2 
GH56 hyaluronidase 0/2 
GH57 α-Amylase, 4-α-glucanotransferase, α-galactosidase, others 41/29 
GH58 Endo-N-acetylneuraminidase or endo-sialidase 1/0 
GH61 endoglucanase (needs others cellulases) 8/4 
GH62 α-L-arabinofuranosidase 5/4 
GH63 α-glucosidase, α-1,3-glucosidase 4/3 
GH64 β-1,3-glucanase 2/0 
GH65 Trehalase, maltose phosphorylase, trehalose phosphorylase 4/3 
GH66 dextranase 4/4 
GH68 β-fructofuranosidase, others 1/2 
GH74 Endoglucanase, cellobiohydrolase, xyloglucanase 50/32 
GH76 α-1,6-mannanase 2/1 
GH77 4-α-Glucanotransferase, amylomaltase 81/89 
GH79 β-glucuronidase, heparanase, others 0/1 
GH81 endo-β-1,3-glucanase 1/1 
GH82 I-carrageenase 0/1 
GH83 neuraminidase 2/1 
GH85 endo-β-N-acetylglucosaminidase 4/0 
GH88 delta-4,5 Unsaturated b-glucuronyl hydrolase 0/1 
GH89 α-N-Acetylgalactosaminidase 2/0 
GH95 α-L-Fucosidase 7/8 
GH96 α-agarase 8/12 
GH99 endo-α-1,2-mannosidase 1/1 
GH109 α-N-Acetylgalactosaminidase 22/22 
GH110 α-galactosidase, α-1,3-galactosidase 2/2 
GH113 endo-α-1,4-polygalactosaminidase 1/0 












GH1 β-Glucosidase, β-galactosidase, β-mannosidase, others 131/133 
GH2 β-Galactosidase, β-mannosidase, others 125/105 
GH3 
β-1,4-Glucosidase, β-1,4-xylosidase, β-1,3-glucosidase, α-
laraβinofuranosidase, others 349/342 
GH4 α-Glucosidase, α-galactosidase, α-glucuronidase, others 16/15 
GH5 
Cellulase, β-1,4-endoglucanase, β-1,3-glucosidase, β-1,4-
endoxylanase, β-1,4-endomannanase, others 115/120 
GH6 Endoglucanase, cellobiohydrolase 15/17 
GH7 β-1,4-endoglucanase,cellobiohydrolase, chitosanase 0/6 
GH8 
Cellulase, β-1,3-glucosidase, β-1,4-endoxylanase, β-1,4-
endomannanase, others 19/11 
GH9 Endoglucanase, cellobiohydrolase, β-glucosidase 50/49 
GH10 Xylanase, β-1,3-endoxylanase 116/116 
GH11 Xylanase 5/9 
GH12 Endoglucanase, β-1,3-1,4-glucanase, others 0/1 
GH13 α-Amylase, catalytic domain, and related enzymes 197/237 
GH14 β-amylase 6/8 
GH15 glucoamylase, glucodextranase, α-trehalase 14/15 
GH16 
β-1,3-Endoglucanase, β-agarase, xyloglucanase, β-1,3-galactanase, 
others 41/38 
GH17 licheninase, glucan β-1,3-glucosidase 12/17 
GH18 Chitinase, endo-β-N-acetylglucosaminidase, non-catalytic proteins 44/56 
GH19 chitinase, lysozyme 8/11 
GH20 Chitinase, endo-β-N-acetylglucosaminidase, non-catalytic proteins 41/40 
GH22 lysozyme type c and i, α-lactalbumin 7/8 
GH23 Chitinase, endo-β-N-acetylglucosaminidase, non-catalytic proteins 37/48 
GH24 lysozyme 16/16 
GH25 Lysozyme 8/1 
GH26 β-1,3-Xylanase, mannanase 9/25 
GH27 α-Galactosidase, α-N-acetylgalactosaminidase, isomalto-dextranase 62/63 
GH28 Polygalacturonase, rhamnogalacturonase, others 26/22 
GH29 α-L-fucosidase 49/46 
GH30 β-1,6-glucanase, β-xylosidase, β-glucosidase, β-fucosidase, otheers 1/3 
GH31 α-Glucosidase, α-xylosidase, others 83/81 
GH32 invertase, endo-inulinase, endo-levanase, others 67/62 
GH33 sialidase, trans-sialidase, others 19/16 
GH34 sialidase 2/3 
GH35 β-Galactosidase 23/23 
GH36 α-Galactosidase, α-N-acetylgalactosaminidase 8/8 
GH37 α,α-trehalase 117/113 
GH38 α-Mannosidase 20/11 
GH39 β-Xylosidase, α-L-iduronidase 33/25 
GH42 β-Galactosidase 9/7 
GH43 Xylanase, β-xylosidase, α-L-arabinofuranosidase, arabinanase, others 30/19 
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Con’t Known Activities 
RB1B 
(forward/reverse) 
GH44 Endoglucanase, xyloglucanase 13/14 
GH45 Endoglucanase (mainly eukaryotic) 6/4 
GH46 chitosanase 2/2 
GH47 α-Mannosidase 36/32 
GH48 endoglucanase, chitinase, cellobiohydrolase, endo-cellulases 19/21 
GH51 Endoglucanase, α-L-arabinofuranosidase 94/103 
GH52 β-Xylosidase 0/1 
GH53 β-1,4-Endogalactanase 9/6 
GH54 α-L-arabinofuranosidase, β-xylosidase 4/14 
GH55 exo-β-1,3-glucanase, endo-β-1,3-glucanase 1/1 
GH57 α-Amylase, 4-α-glucanotransferase, α-galactosidase, others 23/27 
GH58 Endo-N-acetylneuraminidase or endo-sialidase 3/1 
GH61 endoglucanase (needs others cellulases) 0/2 
GH62 α-L-arabinofuranosidase 1/2 
GH63 α-glucosidase, α-1,3-glucosidase 3/2 
GH64 β-1,3-glucanase 1/0 
GH65 Trehalase, maltose phosphorylase, trehalose phosphorylase 7/3 
GH66 dextranase 1/5 
GH68 β-fructofuranosidase, others 0/1 
GH73 peptidoglycan hydrolase 5/1 
GH74 Endoglucanase, cellobiohydrolase, xyloglucanase 29/40 
GH75 chitosanase 1/0 
GH77 4-α-Glucanotransferase, amylomaltase 53/50 
GH81 endo-β-1,3-glucanase 3/2 
GH83 neuraminidase 2/4 
GH85 endo-β-N-acetylglucosaminidase 2/2 
GH89 α-N-Acetylgalactosaminidase 0/1 
GH95 α-L-Fucosidase 5/1 
GH96 α-agarase 16/10 
GH99 endo-α-1,2-mannosidase 4/2 
GH109 α-N-Acetylgalactosaminidase 69/70 
GH110 α-galactosidase, α-1,3-galactosidase 6/3 
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